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Abstract 
 
With the growing emergence of ultra-high temperature composites in the aerospace industry, 
higher and higher temperature capability is being sought after (>1600oC). Carbon fiber-
reinforced Silicon Carbide Ceramic Martix Composites are of particular interest. However, in 
an oxidative atmosphere at high temperatures, these fibers can oxidise which leads to 
substantial loss in fibre volume fraction. As the fibre component of the matrix is the primary 
source of strength, this is detrimental to the CMC’s overall mechanical properties. To create 
the base CMC, a PIP process was used with the pre-existing Starfire SMP 10 precursor and 
with a carbon fiber 2x2 twill weave. This thesis looks to address the oxidation issues at 1200oC 
by using Environmental Barrier Coatings to protect the fibers.  
 
Single and multi-layered coatings were utilised to protect the fibers. A slurry method was 
devised by using either a water or acetone based solvent system as a carrier for three powders: 
silicon, mullite and Yttria-stabilised-Zirconia (YSZ). Past research has shown YSZ, mullite and 
silicon to be excellent coating choices. A slurry method was chosen on the premise of cost 
mitigation, lack of access to machinery capable of other deposition methods and most 
importantly, the flexibility to apply the coating to complex surfaces. Two commercial paints 
634 and 542, containing zirconia and aluminium phosphate as their primary constituents, were 
used as benchmarks. 
 
Samples were primarily put under an oxidative atmosphere at 1200oC for 60 minutes. Flexural 
three-point bend tests were conducted for samples post-oxidation. A control non-heated set and 
uncoated heated set were also used as comparisons of performance. It was found that the YSZ 
single coat and 542 single coat failed to provide any significant protection. Coats made of 
Silicon, Silicon+YSZ and 634 paint were extremely high performers. They helped reduce 
oxidation mass loss from 20% to about 7% and improved flexural strength from about 25MPa 
up to 75MPa. SEM imaging illustrated these coats heavily reduced fiber oxidation and thereby 
improved mechanical strength substantially. The Si+YSZ system even outperformed the 
unheated control set, potentially due to the high temperature annealing during sintering. 
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1. Introduction 
1.1 Background 
A range of aerospace and aeronautical systems are subject to extremely high temperatures and 
harsh environments. Hypersonic scramjets, rockets and shuttles in particular face these extreme 
temperatures at leading edges, internal engine surfaces and nozzles. Conventional metals such 
as steel and aluminium and even superalloys are incapable of maintaining necessary mechanical 
properties at some of these extremities. When it comes to materials that meet the necessary 
performance benchmarks, Ultra High Temperature Composites (UHTC) are utilised. Capability 
for performance at temperatures above 1650oC is sought after (Stewart, 2014). A suitable, and 
currently utilised composite structure in industry, are Ceramic Matrix Composites (CMCs). 
Recent improvements in CMCs have made it an active area of research. The key methods used 
currently to create these CMCs include Chemical Vapour Infiltration (CVI), Precursor 
Infiltration and Pyrolysis (PIP) and Melt Infiltration. Carbon fibre-reinforced Silicon Carbide 
(C/SiC) is a popular candidate for suitable UHTCs. In the case of using PIP to create this 
particular CMC, there are oxidization issues with the carbon fibers upwards of about 1200oC 
(dependent on the specific composition) (Langford, 2017). This oxidation rate becomes 
progressively worse at higher temperatures. Oxidization of the carbon fibers leads to a 
significant drop in fibre volume percentage. As the fibers serve to heighten the mechanical 
properties of the matrix, the composite loses a large portion of its strength and structure. Key 
methods used to better sustain the composite’s mechanical properties include: refractory 
carbides/oxides/nitrides/silicides, melt infiltration, castable ceramic matrix, or using 
environmental/thermal barrier coatings (EBCs/TBCs). All these methods look to prevent or 
minimize the degree of fibers oxidization either by reactive methods (oxygen chemically 
reacting with additives) and/or by non-reactive methods (coatings acting as a physical barrier). 
1.2 Project Definition 
Considering the prominence of EBCs and TBCs in industry, this method will be used to 
improve the mechanical properties of the CMC. The UHTCs employed in the Space Shuttle 
tiling and SpaceX Falcon 9 nozzles for instance utilised EBCs to further protect the interior 
substrates. EBCs can play more than one role in protecting the substrate; thus, multilayered 
coating approaches are common (Khaja-Abdul, 2008). Different layers can aim to protect the 
substrate from: ablation, oxidization, corrosion, melting and can offer a superior thermal 
protection system which mitigates thermal shock.  
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Both single layered coatings and multilayered coatings will be attempted to compare this 
performance. A combination of Yttria-Stabilized-Zirconia (YSZ), Mullite and Silicon will be 
used in generating formulations for EBCs. Furthermore, two commercial paints will be 
employed as a benchmark and indicator of performance. A layered approach reduces thermal 
expansion and cracking between layers, slows rate of air diffusion and improves adhesion to 
the substrate.  
 
The main application methods for coating are: air plasma spraying (APS), electron-beam 
physical vapour deposition (EB-PVD), pulsed laser deposition, laser cladding, sol gel and 
slurry-based methods (Stewart, 2014). A slurry method is the most cost effective and least 
manufacturing intensive method while also capable of applying coatings to complex 
geometries. Samples are dried or sintered depending on coating formulation to improve 
adhesion between coating layers and the substrate. Thus, the thesis topic is: Slurry-based 
Environmental Barrier Coatings for High Temperature C/SiC Ceramic Matrix Composite 
Applications. 
1.3 Report Outline 
A summary of the report sections are as follows: 
1. Introduction: a general holistic overview of the thesis project and the goals in mind as 
well as the reason for the particular research topic. A scope specifying what is and is 
not covered by this thesis.  
2. Literature review: breadth and depth of areas that relate to the thesis topic and their 
implications on the meeting the project goal  
3. Manufacturing method of CMC and coating 
4. Experimental procedures primarily for oxidization resistance testing and flexural testing 
5. Results of manufacturing and experimental procedures that characterize coating 
performance 
6. Discussion of key results found, synthesis of findings and SEM microstructural analysis 
7. Conclusions and recommendations outlining the outcomes of this thesis in a critical 
review and suggesting areas for future work or progress 
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1.4 Aims and Objectives 
The aims and objectives for this thesis can be separated into project specific goals and the 
resultant industrial implications. 
1.4.1 Project Specific 
The overall project goal is to generate a coating formulation that protects the fibres from 
oxidation – either through a reactive or non-reactive EBC. The mechanical properties of three 
sample types are used as comparative benchmarks to assess coating performance: control 
unheated substrate, uncoated substrate in a hot oxidative atmosphere, two commercial ultra-
high temperature resistance paints. Project specific sub-goals include: 
• Creating in house coatings that provides a low-cost alternative to existing formulations 
• Designing a simple slurry method for powder deposition as opposed to using specialised 
expensive machinery 
• Designing slurry mixtures that are sprayable with constituent ratios for the powder, 
solvent, binder and dispersant 
• Screening to streamline coating selection and properties that best improve post-heating 
mechanical properties. This includes powder selection, thickness considerations, 
sintering or drying procedures 
• Development of spraying techniques that improve uniformity and quality of coats. 
Factors that are optimized include: spray gun air pressure, nozzle diameter selection, 
spray distance and intermittent dry times 
• Determine mechanical properties of coated substrate with 3-point bending tests 
• Reduce CMC mass losses from exposure to a high temperature oxidative atmosphere. 
If the CMC retains noticeable fibre volume after heating (compared to the uncoated 
benchmark), the primary project specific goal would be met 
• Determine chemical and compositional changes in the CMC before and after oxidative 
heating tests by using a Scanning Electron Microscope (SEM) 
 
There are four levels of coating that could improve the performance of the CMC. It is 
hypothesised that the closer the coating surround the fibres, the higher their capability in 
protecting the CMC. These levels are: 
1. Coat around exterior of CMC or part of interest 
2. Apply same coat around each of the fabric layer 
3. Apply same coat to each fibre tow 
4. Apply same coat to each fibre 
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As chemical vapour deposition and infiltration is currently inaccessible, this thesis will not 
consider levels 3 and 4. The increase in complexity would also result in higher costs and 
increased manufacturing time. Furthermore, as the basis of this thesis is to create simple slurry 
formulation that can be sprayed onto a pre-existing part, level 2 is also out of scope. Ultimately, 
all project specific goals are intended to be extended to or contribute towards industry.  
1.4.2 Industrial Implications 
Meeting the project specific goals and objectives would provide significant potential for 
industrial applications or new insights into pre-existing coating formulations. Oxidative 
resistant UHTC are sought after in the aerospace and aeronautical industry. University of 
Queensland’s Composites group has connections to two local propulsion companies: Gilmour 
Space Technology and Black Sky Aerospace. Furthermore, the HIFiRE Hypersonics Program 
(as part of DSTG and US Air Force Research Laboratory) are closely linked to UQ’s advances 
in composite technology. An example of potential industrial implications for a rocket nozzle is 
outlined below: 
• Modify methodology to apply EBC to complex geometries – such as Gilmour Space 
Technologies’ rocket nozzle interior 
• Improve ablation resistance of CMC exterior – that can prevent stripping issues of 
rocket nozzle interior. In the case of Gilmour, due to the short duration of the single-
stage burn, the necessity for oxidation resistance is minimized in place of improved 
ablation resistance  
• In the case that the nozzle can be filament wound, there is potential to apply the coating 
method to the filament instead of the whole part or sock layers. 
1.5 Thesis Scope  
The in-scope and out of scope elements of the thesis are summarized below 
1.5.1 In Scope 
Key areas within the scope of this project include: 
• Use of SEM to determine chemical compositions and surface characteristics 
• Determination of mechanical properties through 3-point bending tests 
• Generating a coating suitable for C/SiC CMCs made by PIP. The current available 
equipment and materials on hand determined the choice of the PIP method using Starfire 
SMP 10 
• Formulation of a multilayered slurry-based coating that primarily limits fiber oxidation 
• Compositional layer grading of powders 
 15 
• Coating application to entire part and on individual fabric layers 
• Improving coat quality and degree of adhesion though pressure application and sintering 
• Screening of varying coating thicknesses and different compositions 
• Testing non-coated substrate as a benchmark 
• Powder deposition on flat surfaces primarily. For industrial application, a nozzle 
geometry might be considered 
1.5.2 Out of Scope 
A summary of areas not considered due to cost, time and equipment access constraints are listed 
below: 
• Other CMCs apart from C/SiC are out of the project scope – this includes alternative 
fibers 
• Tests on fiber patterns apart from 2/2 twill weave 
• Optimisation of the PIP method. The pre-existing methodology currently used in 
creating the C/SiC CMCs at UQ will be used without major modifications 
• Applying coatings to CMCs made from PIP alternatives such as melt infiltration, liquid 
silicon infiltration, chemical vapour infiltration and chemical vapour deposition  
• Geometries apart from flat rectangular substrates 
• Alternate slurry-based coating deposition techniques - air plasma spraying (APS), 
electron-beam physical vapour deposition (EB-PVD), laser cladding and sol gel 
• Other mechanical tests apart from the 3-point bending test 
• Beyond 1200 deg oxidative atmosphere 
• Utilising coating with filament winding 
• Test ablation resistance through an oxyacetylene test 
• Test ablation and general performance with Gilmour hot fire engine test  
• Results and analysis from samples sent to specialized 1500oC flexural testing in 
Germany as testing is currently being undergone for the submission of a conference 
paper 
 16 
2. Literature Review 
2.1 Ceramic Matrix Composites 
Ceramic Matrix Composites and particularly fibre reinforced CMCs are a popular composite 
with better mechanical properties than conventional standalone ceramics. The reinforcement in 
particular provides increases in UTS and improved fracture and thermal shock resistance 
(Langford, 2017). Fibres made of carbon, silicon carbide, mullite and alumina can be used 
within a matrix of the same material. Certain subsets of these CMCs are suitable for ultra-high 
temperature applications (>1600oC) – particularly the C/SiC variants.  
2.1.1 C/SiC Composites 
While outside the scope of this project, refractory carbides/oxides/nitrides or silicides can help 
further enrich these C/SiC. Nitrides can help lower the temperature needed for sintering while 
also improving densification. As porosity is a major source of weakness, densification is 
important. Carbides are useful in reducing excess oxides on the CMC surface while silicides 
generally help increase temperature capabilities of the composite (Langford, 2017). Presence 
of silicon can lead to creating silicon dioxide – an oxide particularly resistant to temperatures 
up to 1600oC (United States of America Patent No. 6,444,335 B1, Sep. 3, 2002). Langford and 
Ji have particularly focused on refractory diborides such as Hafnium and Zirconium Diborides 
as additive fillers. Borides are particularly useful in for ultra-high temperature applications in 
aerospace when combined with these refractories. These fillers can help protect the carbon 
fibers that would otherwise oxidise at far lower temperatures. Methods, such at the EBCs 
explored in this thesis, also protect the same carbon fibers.  
2.1.2 Manufacturing Processes 
There are several options for generating these CMCs. Langford and Ji used Starfire SMP 10, a 
precursor that can be used as part of the Precursor Infiltration and Pyrolysis (PIP) process. 
Starfire SMP 10 is a high-quality precursor suitable for the intense environments found in 
aerospace industries. It is particularly sought after as it is a single-component precursor to SiC, 
making it easy to use, and provides high ceramic yields (Langford, 2017). As a result, due to 
its availability and past research, this thesis will look to apply the EBCs to improve the oxidative 
resistance of the fibers in these CMCs. 
 
Some other alternatives to the PIP method are melt infiltration, slurry infiltration, liquid silicon 
infiltration (LSI) and chemical vapor deposition/infiltration (CVD, CVI). Chemical vapor 
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methods look to deposit beneficial elements/compounds in gaseous form directly onto the fibers 
which generates high purity matrices (Stewart, 2014). However, this process causes substantial 
residual porosity, is length and thereby is also expensive. Melt infiltration is quick to reach the 
full density (a few hours), making it a very efficient technique (Stewart, 2014). However, as 
the fibers come in contact with high temperature melts, they require protection. Figure 1 
illustrates this process. 
 
 
Figure 1: Melt Infiltration Fiber Protection Method (Stewart, 2014) 
While the coating is challenging to apply (requiring Ultra Violet CVD), the interface coating 
has many beneficial attributes. These include: promotion of wetting, prevention of damage to 
fibers and improved mechanical behavior through slip mechanisms (Stewart, 2014). Future 
research is being driven in this field due to the rate of density and superior thermal attributes. 
However, this method is currently less accessible due to the challenging coating application 
methods and the necessary for high end furnaces capable of melting the suitable compounds. 
Creating these melts can be problematic as superior melts themselves require high temperatures. 
Hence, EBCs are instead selected as the method of protecting the CMCs. 
2.2 EBC Powder Deposition Methods 
Environmental and Thermal Barrier Coatings are made of low thermal conductivity ceramics 
that can drastically reduce the heat flux and thereby protect the substrate from the environment. 
This extra heat resistant layer can decrease the substrate’s initial temperature though a steep 
thermal gradient (see Figure 2). Considering the temperature extremities found in areas like 
rocket engines, protecting the inside substrate from melting is important. In the case of this 
thesis, the primary purpose of the EBC is to mitigate or all together prevent the oxidization of 
the fibers. Fiber strength plays a dominant role in the mechanical properties of the entire CMC 
and as a result, retention of fibre volume percentage is critical.  
 18 
 
Figure 2: Wall temperature gradients with and without TBC for 
constant hot gas and coolant conditions (Greuel, Suslov, Haidn, & 
Fritscher, 2002) 
There are several options when it comes to depositing the layers, some are more effective in 
improving the substrate’s mechanical integrity at elevated temperatures. A brief review of 
Electron Beam Physical Vapour Deposition (EB PVD), Pulsed Laser Deposition (PLD), Air 
Plasma Spraying (APS), Laser Cladding and slurry-based methods are provided below. 
2.2.1 Electron Beam Physical Vapour Deposition 
This process was previously described for preparation of Melt Infiltration samples. An electron 
beam essentially bombards an anode. These high energy electrons cause the target anode to 
change to a gaseous phase which then resolidifies as a coating. Its columnar microstructure is 
apparent below. 
 
   
Figure 3: EB-PVD Columnar Coating 
Microstructure (Padture, 2015) 
Figure 4: EB-PVD Columnar Coating Microstructure 
(zoomed) (Greuel, Suslov, Haidn, & Fritscher, 2002) 
 
These coatings have superior strain and thermal shock tolerances due to the pseudo-plasticity 
of the columnar microstructure (Greuel, Suslov, Haidn, & Fritscher, 2002). When it comes to 
gas turbine applications for instance, this method is suitable for improved fatigue life. Pulsed 
laser deposition is a similar PVD technique, where a laser beam is used instead of an electron-
beam.  
2.2.2 Laser Cladding 
This relatively new non-traditional process allows for high quality pore and crack-free coatings 
to be applied to substrates. The cladding material (usually hardfacing alloys) can be pre-placed 
upon the substrate surface or the melt pool can be blown onto the surface when the laser is 
applied (Sexton, Lavina, & Byrne, 2001). Laser cladding is effective in providing high quality 
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coats with fine control over thicknesses and surface application. The lack of access to laser 
cladding rules out this method. 
2.2.3 Air Plasma Spraying 
This process essentially sprays the powders onto the coat surface while softening or melting 
them in the process. As a result, good adhesion is made between substrate and coat. Post heat 
treatment is not necessary, however a press and post sintering can improve the quality of the 
coating (United States of America Patent No. 6,444,335 B1, Sep. 3, 2002). APS is the primary 
method used in industry to apply these coats due to its flexibility and ease of deposition. It is 
cheaper and less manufacturing intensive than EB-PVD but the quality of the bond coat is more 
irregular (Figure 5). 
 
 
 
Figure 5: Air Plasma Spraying 
(Padture, 2015) 
Figure 6: Plasma Spraying and EB-PVD microstructure comparisons 
(Greuel, Suslov, Haidn, & Fritscher, 2002) 
 
However, the machinery required for both these methods are not present at the university. 
Additionally, it is hard to use these methods to apply coatings in-house to complex geometries. 
As a result, the slurry method was selected. 
2.2.4 Slurry Methods 
Past studies have shown that the slurry method can be utilised on CMCs and other substrates in 
a manner similar to this thesis’ intentions (Nguyen, Harding, & Ho, 2007). The slurry method 
is very simple; by taking powders of interest, it is mixed in a solvent along with a binder and 
dispersant. The slurry can then be sprayed or applied on the substrate by using a brush. This is 
the cheapest method of applying the EBC. While limitations include uneven and inconsistent 
surface coverage, usage of a hot press and sintering can substantially improve the coat quality. 
On the premise of cost, design ease and lack of specialized equipment, the slurry method was 
selected as the deposition method. Section 2.4 will provide further detail about the slurry 
method. It is important to outline EBC coating materials first as it impacts slurry design choices. 
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2.3 EBC Coating Materials 
These EBC coatings tend to have multilayered structures to them. The issue with single layer 
coatings is primarily the mismatch of coefficient of thermal expansion. A mismatch between 
layer and substrate causes cracking during the temperature range it is subject to. Furthermore, 
single layer coatings tend to have further issues such as: poor adhesion, poor ablation properties 
and a thin coat not reducing temperature enough. Thus, from the substrate to the top, there are 
generally layers that fulfill the following requirements: 
1. Bond coat on the substrate: enables improved adhesion of subsequent layers 
2. Oxidation resistant layer: reduce rate of air diffusion 
3. High temperature resistant layer: acts like a heat shield 
4. Ablation/corrosive resistant layer: protective coating, less prone to stripping away  
 
These layers tend to be have a compositional gradient to improve intra-layer adhesion and to 
change the CTE mismatch gradually rather than suddenly (United States of America Patent No. 
6,444,335 B1, Sep. 3, 2002). Furthermore, the layers need to be designed such that it is under 
their melting points. In some cases, a single material can meet multiple requirements or in other 
instances, multiple materials can be used to meet a requirement. There are wide range of 
possibilities and materials to choose from. Below is a review of commonly used materials 
and/or those suitable for this thesis. The key materials focused on for this thesis are Zirconia 
based compounds, Mullite, Aluminosilicates and Silicon. There is a wide range of metallic 
alloys that contain Ni, Cr and/or Al that are commonly used in industry (Bäker, Fiedler, & 
Rösler, 2015). However, a key element of good coat adhesion is dependent on having similar 
or same elements in the mating layer. In the case of this thesis, only C/SiC CMCs are being 
considered. Cooper rocket engines for instance are out of the scope of this thesis. As a result, 
metallic coats are not focused on. 
2.3.1 Zirconia and Yttria-Stabilised-Zirconia Compounds 
Zirconia and YSZ are excellent for the top coat which requires high temperature capabilities. It 
is useful as a thermal-insulating top coat (up to 2000oC). The presence of Yttria (Yttrium Oxide) 
is seen to greatly assist in avoiding phase changing issues with Zirconia at high temperatures 
and in stabilising it – usually 8 mol% Yttria is used (Santana, Lazar, Yoshito, & Ussui, 2008). 
Thus, partial or fully stabilised Zirconia is more effective. Alternatives such as Magnesia 
Stabilised Zirconia that have been used in gas turbine combustion chamber. However, it is 
found to be less stable than YSZ as it converts to MgSO4 which takes away from the Zirconia 
stabilising agent – ultimately leading to detrimental phase transformation (Bose, 2007). There 
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are substantial amounts of case studies that use YSZ as their top coat as it also has excellent 
environmental resistance. 
 
However, YSZ is not effective if used directly on the CMC as it does not adhere well to Si-
compounds. Furthermore, YSZ has a coefficient of thermal expansion (CTE) of 10 ppm/oC 
which is almost double that of C/SiC composites with a CTE of 4.9 ppm/oC (United States of 
America Patent No. 6,444,335 B1, Sep. 3, 2002). As a result, a bond coat is necessary to 
improve YSZ’s adhesion. YSZ’s widespread use in the field makes it viable for different 
application methods - studies have used APS, EB PVD and slurry spray methods (Nguyen, 
Harding, & Ho, 2007) (Fritscher, Brien, & Kroder, 2003).  
 
A study by Chen et al, revealed the potential for a special self-healing type TiSi2 – doped YSZ. 
This particular compound could self-heal cracks caused by corrosion; thus, would be an 
interesting candidate for corrosive environments such as turbine blades (Chen, Lu, Ye, & Wang, 
2016). A doping amount of about 15wt% of TiSi2 was effective in improving the overall 
durability of the C/SiC CMC when used in conjunction with YSZ and Barium Strontium 
Aluminosilicate (BSAS). Due to YSZ and zirconia’s widespread effectiveness as EBC coatings, 
a commercial paint PyroPaint 634 has been selected. Its major constituent is zirconia and is 
suitable for C/SiC ceramics. It shall be used as a benchmark. 
2.3.2 Aluminosilicates 
Barium Strontium Aluminosilicate (BSAS) is a key aluminosilicate that has been used in APS 
coatings on C/SiC CMCs. They provide excellent thermal protection through low thermal 
conductivity while also offering excellent environmental protection (United States of America 
Patent No. 6,444,335 B1, Sep. 3, 2002). They are good up to temperatures of about 1315oC but 
once temperatures approach the melting point of 1700oC, they require a protective top coat. 
Thus, YSZ is often used in conjunction with BSAS to reduce the temperature substantially prior 
to reaching the substrate. BSAS is also effective in thickening the bond coat – which is effective 
though the volume alone. However, due to the limited accessibility and thereby high cost of 
BSAS, this thesis will look to use a standard and cheap type of aluminosilicate called mullite. 
Mullite is often used along with the substrate or silicon due to the presence of alumina and 
silicon dioxide – making them chemically stable with SiC, with good adherence. 
 
For a similar reason Silicon is also a good coat, specifically a bond coat. It bonds well with the 
SiC substrate surface if sintered about its melting point of 1410oC. 
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2.3.3 Rare-earth Silicate Additives 
Hafnium, gadolinium, lutetium and erbium all have high temperature resistance (due to their 
low thermal conductivity). Thus, they can serve as additives that may improve the performance 
of YSZ. Past research has demonstrated addition of rare earth silicates can be effective in 
improving the CMC thermal properties when used as an additive to YSZ and mullite slurries 
(Khaja-Abdul, 2008). However, substantial difficulties with adhesion makes their use sensitive 
to composition. In order to simplify the system, these additives will not be explored in this 
thesis. 
2.3.4 Molybdenum Compounds 
For CVI and CVD considerations, molybdenum-based compounds such as molybdenum 
disilicate can provide notable improvements in the oxidation resistance of the carbon fibers in 
C/SiC CMCs – up to 1500oC (Bezzi, Burgio, & Fabbri, 2018). The mechanism that enables for 
this improved oxidation resistance is from molybdenum disilicate’s passive oxidation. 
However, due to the inaccessibility of CVI and CVD, these compounds have not been explored 
further. 
2.3.5 Material Summary Properties 
The key properties of materials of interest are (Sigma Aldrich, 2019) (Kai Tong Wang, 2012): 
Melting Points CTE 
• Silicon: 1410oC 
• YSZ: 2700oC 
• Mullite: 1810 oC 
• C/C: oxidises at 450oC  
• YSZ: 10 ppm/oC 
• Mullite: 5.5 ppm/oC 
• BSAS: 5.27 ppm/oC 
• SiC: 4.9 ppm/oC 
 
2.4 Slurry Design  
The following schematic demonstrates the concept of a multilayered coating.  
 
Figure 7: Multilayered Coating Proposal 
In this case, the top coat is always YSZ due to its extensive use as an EBC/TBC coat for ultra-
high temperature applications. The bond coat is always Silicon. These materials have been 
selected as per a patent that used Air Plasma Spraying for the exact same C/Si-C CMC case. 
YSZ, Mullite and Si were all used in the exact same manner (United States of America Patent 
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No. 6,444,335 B1, Sep. 3, 2002). YSZ, while a little expensive ($437/500g), is a must use to 
allow materials to deal with the ultra-high temperature environments. Most cheaper alternatives 
have a steep drop off in melting temperature which limits the EBC coat’s performance. A 
silicon bond coat will bond well with the silicon/silicate components of Mullite which bond 
better to YSZ. Screening trials will be conducted on single coat systems prior to testing multi-
coat systems. 
2.4.1 Slurry Application Methodology – YSZ Example 
Planning the methodology for powder deposition plays an imperative role in the success of the 
thesis. If the substrate lacks a high-quality coat, the EBC will not provide good coverage over 
the entire substrate surface. As a result, certain sections of the CMC will not be protected well 
– defeating the purpose of the EBC. As discussed earlier, while the slurry method is easy to 
apply, post processing steps can greatly assist in minimizing porosity and thereby increasing 
how closely packed each powder is. Using machinery to promote a higher quality sinter will 
play a key role in a higher performing coat. 
 
When designing slurries, it is important to have something that is not too viscous but also not 
too watery. The powder, solvent, binder and dispersant ratio is important. A journal article 
described a similar EBC use for high temperature Inconel applications. In the study, YSZ was 
also used as the top coat, and a compositional grading system was optimized. Furthermore, 
sintering times and press stamping pressures were also analyzed. Thus, due to the similarly in 
top coat and multilayered slurry method required, the proposed methodology for the slurry 
application has been summarized as five key steps as per Nguyen et al.: 
 
1. Mixing 
2. Multilayered Spraying 
3. Drying 
4. Sintering 
 
These steps are illustrated diagrammatically in Figure 8. The stamping step has been removed 
on account of devising a method that is suitable for a variety of geometries. 
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Figure 8: Stages in producing a thermal barrier coating 
(Nguyen, Harding, & Ho, 2007) 
Figure 9: Stages of grain boundary development 
during sintering. SEM images of thermal 
coatings, before and after sintering (Nguyen, 
Harding, & Ho, 2007) 
2.4.2 Mixing Procedure 
The mixing step mixes the powders of interest along with the binder and dispersant. The study 
recommends a powder to binder to dispersant ratio of 45%, 4% and 0.4% respectively (Nguyen, 
Harding, & Ho, 2007). The rest of the quantity is distiller water. A 50% powder percentage 
creates an irregular flocculated slurry and a binder percentage greater that 4% creates an overly 
viscous spray. Due to how sensitive the slurry’s viscosity is to the slurry composition, these 
percentages will be the initial start point. A magnetic mixing element and mixing pad are used 
to agitate and disperse the powders through the slurry more homogenously. The recommended 
dispersant and binder are Tetra Sodium Pyrophosphate and Hydro soluble polyvinyl alcohol 
respectively (Nguyen, Harding, & Ho, 2007). For Mullite, distilled water and acetone solvents 
will be used and for Silicon, cyclohexane and acetone will be attempted. 
2.4.3 Spraying and Drying 
Drying helps improve the quality and adhesion of the coat, while also reducing porosity (Figure 
9). When spraying, ideally a spray pressure between 4-6 bars was deemed optimal (Nguyen, 
Harding, & Ho, 2007).  
2.4.4 Sintering, Debinding and Protective Coat 
Lastly, sintering in an inert atmosphere at very high temperatures (1500oC) will improve the 
overall quality of the coat and help debinding. Sintering does not require the melting 
temperature of the powders. Thus, the maximum temperature that can be applied an inert 
atmosphere, which does not damage the CMC, will be used.  
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3. Manufacturing Method 
The focus of this thesis is not the modification of the CMC manufacturing process but rather 
the development of coatings capable of providing oxidation resistance. Considering prior 
research works of Kudisonga developed a functioning PIP process to generates the C/SiC 
CMCs, this thesis directly utilised those prescribed methods. Langford and Ji’s works and 
multiple other studies have demonstrated effective use of this process. Development of the 
uncoated substrates and of the coated substrates is outlined in this section. 
3.1 Manufacturing of Ceramic Matrix Composite 
For the flexural bending test planned, a span/thickness ratio 10 was selected. An approximate 
thickness of about 3.5 mm was selected which translates to a span of more than 35 mm. In this 
case, a length of 55 mm and width of 15 mm was selected with reasonable excess on either side. 
Torayca T300B-3000 with a 2/2 twill weave structure was sourced, having a thickness of 0.22 
mm. The required thickness is equivalent to approximately 20 sheets of this fabric when post-
pressed. Table 1 has summarised the CMC raw material cost. 
Table 1: Uncoated CMC manufacturing cost summery 
Material Manufacturer Quantity Cost ($AUD) 
Fiber: 
T300B-3000 
2/2 twill weave 
Torayca 0.6m2 $36 
Precursor: 
StarPCS SMP-10 
Starfire Systems 120g $168 
TOTAL $204 
3.1.1 Manufacturing of Green Body 
 Preparing Fabric 
Manufacturing of 30 samples were deemed suitable. For the necessary 20 sheets, with inclusion 
of slight excess, sheets of size 250 x 120 mm were cut and stacked (see Figure 10). 
 
Figure 10: Measuring and cutting fabric from large 1000 x 120 mm sheets to 20 sets of 250 x 120 mm sheets 
(left to right) 
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 Vacuum Bagging and Pressing 
With the fabric cut to size, a vacuum bagging setup was constructed. A large vacuum bag of 
approximately 300mm x 800mm was laid out. Tacky tape was applied on the corners of the bag 
as illustrated by Figure 11. Using a 60:40 mass ratio of Fibre:Resin, the wet lay up of SMP10 
was applied to each layer. Layers were stacked and resin was applied with a brush centrally 
while avoiding a portion of the edges – the press would push out excess resin to the corners and 
quality of fabric center is the most important. The composite was placed a bit above centre of 
the setup. Breather cloth was cut up and used along the edges of the composite and further down 
as illustrated below. A small rectangular piece of release fabric was placed atop the composite. 
A vacuum connection piece was placed on top of the breather cloth (Figure 12). The vacuum 
bag was folded and sealed about the edges with the tacky tape. 
 
  
Figure 11: Vacuum bag setup prior to 
sealing of wet lay-up fabrics 
Figure 12: Vacuum connection piece 
 
A preheated 200oC hot press at 100kPa and vacuum were applied simultaneously to remove as 
much trapped air as possible. The press helps flatten out the sample and the 200oC heat allows 
the sample to cure slightly. The sample was left to cure for 2 hours (see Figure 13). By doing 
so, the sample retains its structural integrity better and can be waterjet cut prior to pyrolysis and 
reinfiltration cycles that significantly densify the CMC (see Figure 14). 
  
Figure 13: Hot pressing of sample during 
vacuuming at 200oC and 100 kPa for 2 hours 
Figure 14: Cured C/SiC sample 
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 Waterjet Cutting 
Waterjet cutting was selected as the method to cut out samples from the cured C/SiC piece. A 
Performance waterjet cutter (PWJ) was used at a cutting speed of 3000 mm/min (see Figure 
16). 25 kg bags of grade 120 garnet were loaded to provide necessary abrasion (see Figure 15). 
A CAD model with slight 2.5 mm excess between adjacent layers was constructed. Tabs were 
used to keep the samples from falling off and the cutter was aligned as best as possible to the 
center of the cured piece (avoiding the flimsy edges). Weights were utilised to hold down the 
piece during cutting to maintain alignment (see Figure 17). The cured piece’s fibre direction 
was aligned in line with the cutting direction. Due to minimal excesses allowed (to minimize 
precursor wastage), the flimsy edges caused flimsy tabs for some of the samples; 27 out of 30 
potential samples were procured (see Figure 18). 
 
   
Figure 15: Loader for 
grade 120 garent 
Figure 16: Performance Waterjet Cutter 
(PWJ) set up with grids 
Figure 17: Waterjet cutter head at 
start point, weights holding down 
sample 
 
Slight post processing was necessary to remove the tabs (see Figure 19). A diamond cutter was 
used to clean up these sharp tabs. Water was used to avoid conduction and to limit spreading 
of carbon dust. Samples were labelled, and excess garnet was washed off. All samples were 
placed in an oven at 110oC under vacuum for 70 minutes to remove water content ( Figure 20). 
 
   
Figure 18: Post-cut 
samples, excess illustrated 
Figure 19: Sample 
edges cleaned up for 
all 27 samples 
Figure 20: Oven used to remove dry samples at 110oC 
under vacuum for 70 minutes 
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3.1.2 Conversion of Green Body to Densified CMC 
With green body edges cleaned up, the pyrolysis and reinfiltration cycles can begin. Apart from 
the initial pyrolysis of the green body, five PIP cycles were run on the samples (pyrolysis and 
infiltration counts as one cycle). By doing so we can begin the creation of a silicon carbide 
matrix alongside the fibers. Repeat cycles help densify and strengthen the substrates by 
reducing composite porosity and thereby increasing ceramic yield. 
 Pyrolysis Methodology 
The GCF1700 furnace was utilised for low temperature pyrolysis by placing the samples in an 
inert argon atmosphere. Table 2 outlines the heating pattern used for each pyrolysis cycle. 
 
Table 2: Low Temperature Pyrolysis GCF1700 furnace heating pattern 
Temperature (oC) Duration (H:mm) Heating Rate (oC/min) Gas 
25oC to 300oC 1:31 3 
Argon 
300oC to 900oC 10:00 1 
900oC to 1100oC 3:20 1 
1100oC to 900oC 3:20 1 
900oC to 300oC 3:20 3 
300oC to 25oC 1:31 3 
 
The following procedure have been directly adapted from Kudisonga, Langford and Ji. Prior to 
pyrolyzing in the GCF1700 furnace, samples were heated in a vacuum oven for 2 hours at 
200oC to remove any remaining water content. Samples were all numbered and weighed prior 
to each cycle. All samples were placed atop alumina crucibles and sat within an alumina 
crucible (Figure 21). Surface contact area of the samples on the crucibles were minimized as 
much as possible. The circular crucible was placed inside the furnace and centered. Sample 
order was recorded.  
   
Figure 21: Alumina crucible with 
samples pre-pyrolysis 
Figure 22: Alumina crucible with 
samples post-pyrolysis 
Figure 23: Samples post-pyrolysis 
(close-up) 
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The three figures shown below demonstrates the GCF1700 furnace setup. 
   
Figure 24: GCF1700 furnace used for 
pyrolysis. (L) vacuum process, (R) argon 
gas 
Figure 25: Argon gas bottle for 
GCF1700 furnace 
Figure 26: Argon flow rate 
controller 
 
After samples were placed inside, the ceramic insulating block was placed inside using tongs. 
The furnace was shut and all eight furnace bolts were hand tightened and the tightened to 
medium pressure with a bar for leverage. All valves back and front were closed and the vacuum 
pump (pictured left in Figure 24) and pump valve was turned on. The system was left for 40-
60 minutes until the red manometer showed a pressure of -99.9 kPa. When this pressure was 
acquired, the pump valve was turned off. All bolts were hand tightened and then once more to 
a medium pressure using a bar. 
 
The attached argon bottle (Figure 25) was set to 2.5 bars using the Coregas dial. The back valve 
was then opened four rotations. The flow rate instrument (Figure 26) was turned to max and 
then one-half rotation back. The chamber was filled with argon until a pressure between 2-3 
kPa was reached (about 5 minutes). Argon gas, flow rate controller and the back valve were all 
closed. The vacuum valve was turned on once more and the cycle was repeated a total of three 
times (to remove air content and prevent sample oxidation). For the last stage the chamber was 
filled with argon till a pressure between 2-4 kPa was achieved. The flow rate controller was 
then set to 1-1.5 L/min and the top chamber gas exit valve was opened between half to three-
fourths of a rotation. An exit flow check was done by seeing bubbles flowing out the water 
immersed exit tube. The safety pressure valve was opened two rotations in the case of 
overpressure. 
 
The heat pattern described was inputted into the furnace software and the furnace was turned 
on. The cooling system was turned on to high as well. The software was “RUN”. The 
manometer was observed for a duration of 10 minutes, while adjusting the exit flow valve to be 
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within a 2-6 kPa range. Closing the valve would increase the pressure if needed and vice versa. 
With a stable pressure achieved, the furnace was left to run for the heating cycle. Post-pyrolysis, 
samples were removed from the furnace and weighed (Figure 22 and Figure 23 illustrate post-
pyrolysis at PIP cycle 1).  
 Re-infiltration Methodology 
Densifying the substrate in an important step in reducing sample porosity and thereby 
increasing mechanical strength properties. A total of five PIP cycles were completed for the 
substrate and thereby five re-infiltration cycles. Once more, the process of Kudisonga was 
utilised. 
   
Figure 27: Vacuum infiltration 
setup 
Figure 28: Top view of vacuum 
chamber. Different container as 
part of Ji’s work (Ji, 2019) 
Figure 29: Post-infiltrated samples in a 
cup with SMP-10 precursor 
 
SMP-10 precursor was removed from the fridge and placed under a fume hood to thaw for 30 
minutes and reach room temperature. Samples were placed crisscrossed in a dry cup and the 
order was recorded. Vacuum grease was applied on the mating surface of the clear acrylic piece 
of the vacuum chamber. The cup was placed inside the black vacuum chamber with a white 
tube protruding inside the chamber (Figure 27) – this tube is what draws the precursor from the 
outside and allows it to be fed into the dry cup. The white tube was positioned such that it was 
touching the internal side of the cup (Figure 28). Black tacky tape was used to seal off the white 
tube entry inside the chamber on either side. The clear acrylic was centered about the chamber. 
A compressor was connected to the chamber via the orange tube and was turned on. The acrylic 
piece was held down until a pressure of -30 kPa was achieved and then it was left to run until -
100 kPa was reached.  
 
The external end of the white tube was locked down with a screw release. The tube was placed 
inside the SMP-10 precursor bottle while ensuring it was submerged in the fluid. The screw 
release was opened slowly to half a turn. The precursor was thereby fed via a pressure 
differential into the chamber until the precursor reached a level above that of the stacked 
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samples. When this level was reached, the screw release was closed tightly and the SMP-10 
bottle was removed. It is essential not to introduce air at this stage. The system was left under 
the vacuum for 4-8 hours until the precursor stopped visibly bubbling. Once complete, the 
compressor was turned off and the pump valve was closed. Air was very slowly introduced into 
the chamber through the screw release until the system was at atmospheric pressure. The lid 
was opened and the samples were removed (Figure 29). 
 
Samples were placed atop specimen sticks on a tray to minimize the contact area of sample to 
the tray and allow better curing (Figure 30). The samples were placed in a vacuum oven for 2 
hours at 200oC and left to cure. Then they were pyrolyzed as before and the process was 
repeated. The fifth and final pyrolysis ended the manufacturing of the composite (Figure 31). 
Masses were recorded at every stage. 
  
Figure 30: Wet samples laid out after 
infiltration and before oven curing 
Figure 31: Uncoated samples after five PIP 
cycles 
 
 Sample post-processing 
The samples were post-machined after the final PIP cycle in order to provide a flatter and less 
rugged finish which helps the coating manufacture. A rotating grinding table was utilised for 
the post machining. A 320 grid sandpaper was installed into the table. The system was turned 
on to spin at a medium to high revolution setting and the water tap was turned on to wet the 
surface. Samples were post-machined on this surface lightly in order to remove the surface 
roughness as visible in Figure 31. Each side was only processed for 5-10 seconds without 
removing too much material and ensuring parallel mating. This process was repeated for all 
samples and the tap and system was turned off. Pressurised air was used to quickly air dry the 
samples of any surface moisture. Alternatively, the vacuum oven could have been used. 
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3.2 Manufacturing of Coatings 
The spraying of the coatings entailed several steps; namely, powder composition selection for 
slurry, mixing procedure, spraying method and drying/sintering procedure depending on the 
coat. It was found that, for the particular spray gun and selection of powders and paints, 
particular procedures formed better quality coats. A great deal of effort went towards the 
development of a spray procedure and parameter selection that improved the final coat quality.  
3.2.1 Powder Composition 
Excess solvent means wetter coats, but not enough solvent means a potentially flocculated 
slurry which becomes too viscous to spray. Thus, it was important to experiment with different 
solvents and different ratios to find something both sprayable and capable of making dry coats. 
The optimal selections have been described and summarized below. Note that all ratios are 
weight ratios. 
 Silicon Powder Slurry Composition 
It is crucial that silicon powder is not mixed with a water solvent even if it does mix. Mixing 
the two can generate hydrogen gas which is highly flammable – beside a source of ignition it 
can potentially ignite in air. As a result, two potential solvents were tested: cyclohexane and 
90% acetone. Cyclohexane as a solvent for the silicon powder was ineffective and the two 
components effectively did not mix and stayed separate – magnetic mixing elements did not 
help much more. As a result, acetone was used as the solvent and it was found to be an excellent 
solvent.  
 
After some experimentation it was found that somewhere between a 3:1 ratio to 7:1 ratio of 
solvent:silicon provided good sprayable results. In the case that not all the silicon mixed after 
spraying the slurry, more acetone could simply be poured. Unlike water, the high volatility and 
evaporation of acetone really works in the coat’s favour. A higher solvent to powder ratio means 
a slower rate of deposition. Conversely, a lower solvent to powder ratio means a greater rate of 
powder deposition. As a result, there is more control in coating. No binder or dispersant was 
necessary. 
 YSZ Powder Slurry Composition 
As per the study discussed in the literature review, the composition described in the study was 
utilised. The suggested ratio of solvent:powder:binder:dispersant is 50.6% : 45% : 4% : 0.4% 
(Nguyen, Harding, & Ho, 2007). In this case, the distilled water solvent allowed for a sprayable 
slurry and several weeks of shelf life. However, it was found the spray was inconsistent, 
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sometimes the slurry would spray and other times it would just spray air. It was still possible to 
coat but it was apparent for the spray gun used, this particular composition was not ideal. 
 
As a result, acetone was attempted to be used as the solvent. Acetone had greater mixing issues 
but provided better spraying consistency. Ratios of 1:1 and 2:1 were somewhat effective. In the 
case of acetone, when the same binder and dispersant was used, it was found the shelf life of 
the slurry was heavily impacted. The stored slurry could not be sprayed after a few days and 
the powder was very flocculated. Even without the binder and dispersant the shelf life was not 
very good. As a result, using acetone provided a more consistently sprayable slurry but at the 
cost of reduced shelf life and greater mixing difficulties (addressed in the mixing section 
below).  
 Mullite Powder Slurry Composition 
Despite Mullite being a recurrent powder for EBC use, Mullite was incredibly difficult to spray. 
Thus, from the experimentation of producing a slurry, Mullite is likely not a good candidate for 
EBCs coated using the slurry method specifically. The primary problem was the high 
insolubility of mullite in distilled water or acetone which led to the clogging of the gun. It was 
found that using acetone as the solvent let to a slurry that could effectively not be sprayed at all 
– various ratios were trialed (from a 7:1 ratio and a 1:1 ratio) with no good mixture. Distilled 
water served as a better solvent which allowed for the slurry to be sprayed but once more 
repeatedly clogged the gun.  
 Summary of compositions 
The following table provides a compiled list of suggested composition ratios and selection of 
slurry constituents. 
Table 3: Optimal composition of slurry constituents 
Powder 
(P) 
Solvent 
(S) 
Binder 
(B) 
Dispersant 
(D) 
Constituent Ratio 
(P:S:B:D) 
Effectiveness 
Silicon Acetone None None 
Minimum 1:3:0:0 
Maximum 1:7:0:0 
Excellent 
YSZ 
Distilled 
Water 
Hydro soluble 
polyvinyl alcohol 
Tetra Sodium 
Pyrophosphate 
50.6%:45%:4%: 0.4% Low-Moderate 
YSZ Acetone None None 
Minimum 1:1:0:0 
Maximum 1:2:0:0 
Moderate 
Mullite 
Distilled 
Water 
None None 
Minimum 1:2:0:0 
Maximum 1:3:0:0 
Very low 
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3.2.2 Mixing Procedure 
Due to the extremely high respiratory, physical contact and flammability risks for most of the 
powders and solvents, protective equipment is necessary. A respirator, standard lab gloves, 
overspec safety glasses and a lab coat was worn. Small dry plastic specimen containers were 
sourced for each slurry mixture and labelled. The container was opened and placed on a high 
precision digital scale. The scale was zeroed. Depending on samples size and quantity to be 
sprayed, the slurry amount was varied. One sample required between 10-30 mL of liquid for 
full coverage depending on constituent ratio selection, thickness desired and considerable 
overspray losses. In the case of no binder and no dispersant slurry selections (from Table 3), 
the quantity of desired solvent was poured into the container. Amount was recorded as per the 
ratio of interest and the scale was zeroed. The relative powder quantity was mixed into the 
solvent. A small magnetic mixing stir bar was placed inside the slurry and the lid was put on. 
The container was placed atop the magnetic mixing element and turned on to medium (5) 
stirring for 5 minutes (Figure 32). Stirring frequency was turned up to high (10) and stirred for 
a minimum of 25 minutes. Once mixed, the magnetic element was turned off and the slurry was 
ready to be used. 
 
In the case of a dispersant and binder slurry selection, the order of constituent mixture was 
solvent, dispersant, binder and lastly the powder. A similar mixing procedure was used as 
described above. However, 10 minutes of stirring was allowed after the introduction of the 
dispersant to the solvent and once more after the introduction of the binder. It is recommended 
to stir intermittently instead of introducing the entire dispersant and binder quantity amount for 
a better mixture. The same applies for when the powder quantity is introduced. 
 
 
Figure 32: Slurry mixing atop a magnetic mixing element (set to high) 
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Additionally, it was found that all slurries benefitted from mixing during spraying from time to 
time. This was necessary for any mullite slurry and the YSZ in acetone slurry. A more 
homogenous mixture sprayed better, reduced clogging issues and improved coat consistency as 
a result. As a result, it was found that placing the magnetic stir rod inside the suction feed cup 
of the spray gun enabled for this intermittent mixing. The next section describes the spraying 
methodology.  
3.2.3 Spraying 
 Spray gun setup 
Creating a slurry is important but without the ability to spray the slurry with correct selection 
of accessories and spraying style, the EBC formed will be ineffective. A standard pressurised 
air spray gun was purchased with attachments, illustrated in Figure 33. The air hose (a) was 
attached to a pressurised air supply point through (a2). As dangerous powders were being 
sprayed, all testing was necessary to be undertaken a fume hood – as a result, the air hose (a2) 
was connected to an extension hose which was connected to the air supply. The hose was 
connected to the spray gun (a1 to b1). Depending on the spray needle size required, the back 
end of the spray gun was opened to insert the necessary needle. Likewise, the front of the spray 
gun was replaced with the necessary spray nozzle (f). Recommended selection of these parts 
are summarized in Table 4. With the gun attached, the air pressure can be set at the air supply 
point to be between 4-6 bars (depends on slurry as described in summary table). Air supply 
outlet can be turned on. Fume hood workspace was covered in plastic and a cardboard box was 
placed. Magnetic mixer was placed beside the box and covered in plastic. The spray gun was 
air and water tested using the feed cup (e) and (b3) to check functionality.  
 
Figure 33: Pressurised spray gun and accessories; (a) 1.8m air hose, (b) spray gun. (c) needles (0.2, 0.3 & 0.5mm), (d) 
7mL gravity feed cup, (e) 22mL suction feed cup, (f) nozzles (0.2, 0.3 & 0.5mm), (g) pipette --- Detailed: (a1) air hose 
to air gun female, (a2) air hose to pressured air supply point, (b1) air gun to air hose female, (b2) container feed point, 
(b3) shiftable spray actuator/controller 
 36 
 Spray pre-test 
Once more, protective equipment as per the mixing procedure was worn. Prior to spraying for 
a chosen slurry or paint, spray gun was run with the relevant solvent (acetone or distilled water) 
and sprayed into a beaker for a minute. The suction feed cup (e) was emptied and filled to 50% 
with slurry of choice (optional: the magnetic stirrer was placed inside the feed cup). The feed 
cup was attached to point (b2) to connect to the spray gun. The slurry was test sprayed into a 
beaker by pushing down on the spray controller (b3). The controller can be pulled back or 
pushed forward – the extent of which shifts the location of the internal needle backward and 
forward. Doing so changes the spray cone. In the case the slurry is not spraying, shifting back 
and forth helps agitate the liquid and improved sprayability. Burst clicking the controller also 
helped spray the less effective slurry mixtures. A combination of burst clicking and drawing 
the controller back and forth was found to be most suitable in dislodging any powders that were 
partially clogging the system. Once satisfied with the sprayability of the slurry, the substrate 
can be sprayed. 
 
Figure 34: Spraying of sample (634 commercial paint example) under fume hood inside carboard box 
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 Spraying of substrate 
The chosen substrate was held about the two short edges with one hand and placed at a distance 
of 20-35cm from the spray gun which was held by another hand. The distance and other spray 
features depends on the slurry selected (see Table 4). The spray controller was pressed with the 
technique previously described to spray the substrate. At the distances prescribed there is a 
large amount of overspray wastage, however for these samples sizes it cannot be avoided as a 
shorter distance was found to create a wet spray – detrimental for the EBC performance. A 
sweeping motion was utilised so as to maintain as dry a coat as possible and to evenly coat the 
substrate. The colour difference between the slurry and the substrate was effective in 
demonstrating what locations were sprayed. However, in the case of the 542-commercial paint, 
it was found that keeping track of sprayed location and amount proved difficult (due to its clear 
colour). At certain angles, by rotating the substrate a shine was seen to represent coated 
locations. Every minute or so of coating, the suction cup along with the gun was placed on top 
of the magnetic mixer for a few seconds to ensure more homogeneity in the mixture. The entire 
substrate was coated with as much visual consistency as possible. In particular, it was key that 
the corners were coated, otherwise the EBC would fail at these points. It was found that coating 
the corners and edges consistently was more difficult with the smaller surface area.  
 
For larger substrates or symmetrical structures, a mandrel would help improve coating 
consistency and thickness. Depending on the coating wetness, time was left between spray 
sweeps to allow the coated location to dry. In the case of acetone solvent slurries, this proved 
to be less of a problem. For particularly wet coats (such at the YSZ with water solvent case 
sometimes), it was useful to detach the feed cup and utilise the pressured air at a distance (at 
least 20 cm) to dry wet coats quicker. Once substrates were fully coated, they were left to rest 
on an alumina and air dry at room temperature for a minimum of 2 hours (see Figure 35 and 
Figure 36 for post-coated examples). A new pair of gloves were used when too much excess 
was sprayed on the gloves or if gloves became wet in paint. 
 
The same process was repeated for a different slurry. However, it was crucial to clean the entire 
system and to pre-run the necessary solvent through the gun. By doing so for each separate 
slurry, the residue from the previous slurry is reduced. All cleaned excess was disposed of 
appropriately in the chemical waste bottles or chemical waste bin. Excess slurries were stored 
in sealed containers away from any flammable source. Not sealing the containers causes the 
solvents to evaporate quicker. 
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 Summary of Spray Features 
The following table has compiled the key spray features that best suited each slurry selection. 
In the case of a different spray gun system being used, optimal features may change. 
Table 4: Optimal spray features summary  
Coat Type 
Pressure 
(bar) 
Nozzle and Needle 
Size (mm) 
Spray Distance 
(cm) 
Dry/Sinter Process 
Silicon 4-6 0.2 or 0.3 20-25 
Air dry 2 hours, Room Temperature 
Sinter at 1500oC 
YSZ 5 0.2 or 0.3 30-35 
Air dry 2 hours, Room Temperature 
Air dry 2 hours, 100oC  
Mullite 4 0.5 15-20 
Air dry 2 hours, Room Temperature 
Air dry 2 hours, 100oC 
634  
Commercial Paint 
6 0.2 or 0.3 25-35 
Air dry 2 hours, Room Temperature 
Air dry 2 hours, 93oC 
542 
Commercial Paint 
6 0.2 or 0.3 30-35 
Air dry 2 hours, Room Temperature 
Air dry 1-2 hours, 93oC then 
Air dry 1-2 hours, 260oC 
Air dry 1-2 hours, 700oC 
 System cleaning procedures 
Thorough cleaning after each session was necessary to prevent clogging of the nozzle or other 
parts of the spray gun. All parts including internal pieces were opened up and cleaned in a water 
jet. The gun was then sprayed with pressurised air to clean internals. This was particularly 
necessary for mullite. Leaving the spray gun dismantled overnight in a beaker of water helped 
soften and maintain the spray gun – leading to higher quality coats.  
 Salvaging YSZ and 634 failed coat samples 
For YSZ and 634 coats, it was found that a bad coat still meant the sample could be salvaged. 
As they were water-based coats, using tissue paper soaked in water could remove the majority 
of the coat. A quick pressured spray dry would help reduce most of the surface moisture content 
and the coat could be reattempted.  
3.2.4 Drying/Sintering Process 
For single coats or multiple coats, a minimum 2 hour wait time was necessary after spraying so 
that substrate water moisture content would reduce when air drying.  In the case of YSZ coats 
and mullite coats, samples were air/vacuum dried at 100 degrees for two hours after being air 
dried at room temperature. Silicon coats required a sintering procedure at 1500 degrees.  
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Figure 35: Silicon coated samples before being 
sintered 
Figure 36: 634 coated samples before drying 
process 
 
Table 4 outlines the drying/curing process for all slurries and commercial paints except silicon 
coats. Table 5 shows the sintering process used for silicon coated samples in an inert argon 
atmosphere above the melting point of silicon. The same GCF1700 furnace used for pyrolysis 
was utilised with the exact same setup method. If the silicon is not sintered, the bond quality is 
lower and the powder simply comes off when the coated samples are touched. 
 
Table 5: Silicon Sintering Procedure for GCF1700 Furnace 
Coat Temperature (oC) Duration (H:mm) Heating Rate (oC/min) Gas 
Silicon 
Room to 300oC 1:31 3 
Argon 
300oC to 900oC 5:00 2 
900oC to 1500oC 5:00 2 
1500oC 0:10 0 
1500oC to 900oC 5:00 2 
900oC to 300oC 3:20 3 
300oC to Room 1:31 3 
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3.3 Summary of Resources 
A material and equipment list summary has been provided for ease, including the material cost. 
3.3.1 Material List 
List of key materials and powders used for this thesis has been tabulated in Table 6. 
Table 6: Material and Powder Summary List 
Process Type Name Description 
Purchase 
Cost 
($AUD) 
Use 
Amount 
Use 
Cost 
($AUD) 
CMC 
Manufacturing 
Si-C 
Precursor 
Starfire Systems 
SMP10 
High quality precursor 
that is utilised to 
develop the C/Si-C 
ceramic matrix 
composite. It is used 
repeatedly for pyrolysis 
and re-infiltration 
cycles 
$1400/kg 0.12 kg $168.00 
Fabric 
Torayca T300 
Carbon Fiber 
Carbon fiber fabric 
woven in 2x2 twill 
weave 
$60/m2 0.6 m2 $36.00 
Garnet 
Australian 
Garnet: Grade 
120 Mesh 
Garnet that provides 
abrasion for water jet 
cutting. Set of 25kg 
bags 
--- <5 kg --- 
Commercial 
Paints 
Zirconium 
Oxide Based 
Ceramabind 542 
(Graphite Store) 
Inorganic, water-
dispersed, aluminum-
phosphate binder  
(1650oC capability) 
$60.40/473mL 15 mL $6.38 
Aluminium 
Phosphate 
Based 
Pyro-Paint 634-
ZO 
(Graphite Store) 
Single part, highly-
filled zirconium oxide-
based coating 
(1800oC capability) 
$92.77/473mL 60 mL $11.77 
Coating 
Manufacturing 
 
Powder 
Mullite 
(SigmaAldrich) 
Alumino Silicate 
powder of form 
3𝐴𝑙2𝑂3 ∙ 2𝑆𝑖𝑂2 
$144/250g 30 g $17.28 
Yttria Stabilised 
Zirconia 
(SigmaAldrich) 
Submicron powder, 
99.9% trace metals 
basis (purity excludes 
~2% HfO2) 
$437/500g 45 g $39.33 
Silicon 
(AlfaAesar) 
Crystalline, -325 mesh, 
99.5% (metal basis) 
Sourced from the lab 
--- 15 g ~$10 
Binder 
Hydrosoluble 
polyvinyl 
alcohol 
(SigmaAldrich) 
99+% hydrolysed 
powder 
$152/500g 3 g $0.91 
Dispersant 
Tetra sodium 
pyrophosphate 
(SigmaAldrich) 
>95% purity powder $80/500g 1 g $0.16 
Solvent 
Distilled Water Sourced from the lab --- 300 mL --- 
Acetone (90%) Sourced from the lab --- 150 mL --- 
  Total cost  $1170  $290 
 
The paints were sourced from America with an additional shipping cost of $150. 
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3.3.2 Equipment and Machinery 
A list of key equipment, machinery and analysis tools to be used are tabulated below. 
Considering booking and induction requirements will also impact the success of the project. 
Table 7: Equipment and Machinery List 
Type Name Description, specifications and apparatus 
Equipment/ 
Process 
Carbon fiber preparation 
Preparation of fabric 
Requires: roller mount, scissors, tape measure 
Vacuum bagging 
Components for vacuum bagging of initial laminate 
Requires: vacuum bag, release fabric, breather cloth, tacky tape, 
brush, roller, scissors, vacuum valve, vacuum connector, vacuum 
pump 
Re-infiltration 
Precursor infiltration of substrates 
Requires: precursor, vacuum chamber, vacuum pump and 
connections, vacuum grease, container/cup, tacky tape, specimen 
sticks, vacuum tray 
Magnetic mixing 
element 
To better disperse powders in slurry.  
Requires: Specimen containers, magnetic stirrer 
Pressurised air sprayer 
set 
To apply powders in the slurry and the precursor. Sourced from 
PrincessTrade for $30AUD. 
Requires: air hose, air hose extension, air hose adaptors, needles 
(0.2, 0.3 & 0.5mm), pressurised air source, 7 mL gravity feed cup, 
22mL suction feed cup, nozzles (0.2, 0.3 & 0.5mm), pipette, fume 
hood, scale 
 
Protective equipment: overspec glasses, standard lab gloves, 
respirator, lab coat  
Machinery 
Hot press 
200oC flat press capable of 10kPa of pressure 
Requires: temperature resistant gloves 
GCF1700 Atmosphere 
Furnace 
Can be used with an inert atmosphere or oxidative atmosphere up 
to 1600 – 1700oC with a max heating rate of 15oC/min 
Requires: tongs, temperature resistant gloves, alumina crucible, 
argon gas bottle, vacuum pump and connections, ceramic 
insulating block 
Vacuum Oven Oven capable to be in vacuum at least up to 200oC 
PWJ Water Jet Cutter Cutting samples to necessary specimen sizes 
Diamond cutter Cleaning off tabs from water jet cutting 
Rotating grinding table 
Table to post-process samples for finer surface finish 
Requires: 320 grid sandpaper, water source  
Analysis 
Tools 
SEM analysis 
High quality images that provides surface topology and helps 
understand chemical composition 
Requires: samples, diamond cutter,  
EDX analysis 
Identification of commercial paint constituents 
Requires: metal coated discs: 40mm diameter and 2-5mm thickness 
Instron Testing 
3-point bend test for flexural strength 
Requires: three-point bending fixture, grease, calliper 
Ultrasonic Testing 
Ultrasonic thickness testing setup 
Requires: pulsar receiver, oscilloscope, delay line wedge 
transducer, phased array system, water, WD40, molasses, water 
immersion setup  
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4. Experimental Procedure 
Key experiments undertaken to characterize sample performance was the oxidation resistance 
test in a furnace and a flexural three-point bend test to determine mechanical performance. 
Ultrasonic testing was attempted to measure sample thicknesses but with limited success. 
4.1 Oxidation Resistance 
The core purpose of the development of the coatings were to provide oxidation resistance for 
the samples. The two means of determining this resistance was through a post-heat mechanical 
test as well as the mass loss undergone through exposure to an oxidative environment. A greater 
mass loss could be directly correlated to reduction of fiber volume fraction and as a result, drop 
off in mechanical properties. This hypothesis can be justified from thorough mechanical tests. 
Prior works by Kudisonga, Langford and Ji demonstrated that uncoated C/Si-C CMCs had 
oxidation issues around the 1200oC mark and above. Ideally, an oxidative resistance air test in 
the range of 1500oC to 2000oC for 5 to 20 minutes would be an excellent model for certain re-
entry scenarios or high Mach number flights. However, meeting these requirements in the 
university lab was hindered by three issues:  
1. A high heating rate to avoid sample overexposure during heat up and cool down 
2. Furnace capable of extremely high temperatures that can be opened (safety issues) 
3. Breaking the furnace heating elements if tested at max capability and rate 
 
The GCF1700 Atmosphere Furnace was an excellent choice to provide a 1500oC or even 
1700oC oxidative environment (at the risk of breaking the furnace). However, the furnace 
heating rate was at best 15 degrees a minute which would still provide over an hour of exposure 
at lower 1200oC – 1500oC. Past work of Ji used a 3 degree/minute heating rate which amounts 
to hours of overexposure. As a result, in order to avoid the samples being overexposed to these 
harsh conditions and to remove the heating rate issue, a furnace with lower temperature 
capability was selected. These furnaces have a max capability of 1200oC but can be safely 
opened at the elevated temperature to place substrates and to remove after a selected duration. 
 
Substrate testing was split into two distinct set of trials: 
1. Screening trial – lower sample count 
2. Selection trial – higher sample count 
 
At these lower temperatures, it was unknown what duration of exposure in an oxidative 
environment would oxidise the fibers substantially enough to degrade mechanical properties. 
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If the control set is barely damaged, then the comparative gain of the coatings is practically 
useless. Initially, testing was restricted to 1130oC to avoid breaking the heating elements. To 
determine a suitable duration, samples were set to heat for 20 minutes and were visually 
inspected every 5 minutes. Samples were left to cool after. It was found under visual inspection 
that there was seemingly minimal damage. As a result, the furnace was pushed up to 1200oC 
and samples were placed in the furnace at this temperature for a further 50 minutes. The 
following section outlines the three-point bending process. From the mechanical testing of the 
screening trials, it was clear that the oxidative environment caused control uncoated samples 
significant damage and mass loss. As a result, coatings capable of mass retention would meet 
the primary objective of the thesis. 
 
On the basis of these findings, the oxidative testing properties were selected to be: 
1. Screening trial – 1130oC (20 minutes) and 1200oC (50 minutes) 
2. Selection trial – 1200oC (60 minutes) 
 
It is important to note that despite the lower temperature, the environment is still very harsh for 
the substrates on four accounts: high temperature, duration, oxidative environment and 
crucially an extreme heating and cooling rate. As a result, despite the limitation of lack of access 
to ultra-high temperatures, we can still characterise the performance of various coatings. 
4.1.1 Oxidation Resistance Procedure 
The furnace was preheated to the necessary temperature depending on the trial set (Figure 37). 
The vent was open to provide an oxidative atmosphere and the fume hood was switched on to 
prevent build-up of reaction gases. The samples were placed on an alumina crucible capable of 
withstanding the extreme heating and cooling rates (Figure 38). The sample order was noted 
prior to testing. 
 
 
Figure 37: 1200oC Furnace Preheated Figure 38: Different samples on alumina crucible 
(before and after placing into the oven) 
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A face heat shield, heat resistant apron and Kevlar gloves were equipped. Long tongs were used 
to grab the crucible at one end while simultaneously opening the oven. The samples were 
quickly placed in the centre of the oven and the oven was shut. Samples were left in the oven 
for the relevant trial duration. Once complete, samples were removed with the tongs and placed 
on a surface to air cool to room temperature for 30 minutes (Figure 38). 
4.2 Flexural Strength 
Mechanical properties of the samples were determined through a flexural three-point bending 
strength test as per ASTM C1341-13. A span to thickness ratio of 10 was selected as per 
previous studies of similar CMCs in the laboratory (Ji, 2018). The precoated substrate 
thicknesses where around the 3.2mm mark which gives a span of 32 (altered for each sample). 
For these composite samples, the recommended minimum span ratio of 16 or more is found to 
be unsuitable as per prior studies of Kudisonga, Langford and Ji. A ratio of 10 provided more 
consistent results. 
From the screening trials it was found that the precoated thickness needs to be selected for the 
correct span – otherwise the substrate performances varied in behaviour which causes 
substantial flexure modulus variations. 
 
A further 20 mm buffer was provided to produce total sample sizes around 54mm in length. 
This provides ample excess to account for the two bottom support diameters. It also gives some 
more flexibility in shifting the centre point of the sample – in the case of edge defects that 
existed prior to coating. Having the option to avoid these defects produces more reliable 
comparisons between data sets which already have noticeable variation due to composite 
structure inconsistencies and moderate porosity. The following diagram (Figure 39) illustrates 
the setup. Equations are sourced from the ASTM handbook. 
 
 
Figure 39: Flexure Three-Point Bend Test Geometry and Force Diagram (ASTM, 2000) 
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Mechanical flexure strength attributes of the samples can be determined through: 
𝜎 =
3𝑃𝐿
2𝑏ℎ2
 
𝜀 =
6𝛿ℎ
𝐿2
 
𝐸 =
𝐿3𝑚
4𝑏ℎ3
 
Where:  
• 𝜎 = flexural stress (MPa) 
• 𝜀 = flexural strain 
(mm/mm) 
• E = flexural modulus 
(MPa) 
• P = applied load force (N) 
• L = support span (mm) 
• b = beam width (mm) 
• h = beam thickness (mm) 
• 𝛿 = mid-span deflection (mm) 
• m = force-extension curve gradient (unitless) 
 
 
Uncoated control samples (non-oxidised and oxidised) as well as coated samples all underwent 
the same testing with slightly varying spans. The following conditions were used for the testing: 
• Load Cell: 2 kN  
• Cross-head speed: 1 mm/min.  
• Midway loading roller diameter: 3 mm  
• Bottom support diameters: 6 mm  
 
 
Figure 40: Three-point bending system illustrating supports and system during loading (L to R) 
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4.2.1 Flexure Strength Test Procedure 
The Instron 4464 machine was set up as per Figure 39 and each sample’s relevant spans. A flat 
plate was attached to the load cell and tightened. Likewise, a flat plate was attached to the 
bottom support. The entire support attachment was placed on the bottom flat plate with the 
relevant span. The substrate was placed on supports to line up with pre-marked points (Figure 
40). The loading roller top piece was attached onto the flat plate – in this case as there was no 
attachment adaptor; thus, grease was applied between the two mating surfaces to attach the 
loading roller (Figure 40 illustrates the setup). A quick pull test was made to ensure the grease 
held the upper roller in place under its own weight. 
 
Rollers and all supports were aligned with specimen markings. The Bluehill software was set 
as per the experimental and specimen conditions. The load cell was slowly moved down till it 
was just touching the sample and a small load was displayed. The setup was ‘balanced’ in the 
software and loading was initiated (Figure 41). Testing was run until the sample fractured and 
a substantial duration of the post failure behaviour was recorded. The experiment was repeated 
for all samples and all data as well as span, width, thickness and length were recorded. 
 
 
Figure 41: Three-point bending system during loading (zoomed out) 
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4.3 Ultrasonic Thickness Testing 
In an attempt to measure the thickness of the coating, ultrasonic non-destructive testings were 
performed. As the surface of interest is the upper coating, it is important to use a transducer to 
avoid the dead zone noise. Delay line wedges have been used to eliminate the noise of the dead 
zone to provide a near surface resolution. The highest available frequency transducer (10 MHz) 
was used for the maximum possible resolution. Assuming half wave length as the maximum 
resolution, the resolution can be given as:  
𝜆 =
𝑣
2𝑓
 
Where:  
• 𝑓 = 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 10 𝑀𝐻𝑧 
• 𝑣 = 𝑎𝑐𝑜𝑢𝑠𝑡𝑖𝑐 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 
o 𝑣𝑠𝑖𝑙𝑖𝑐𝑜𝑛 = 9620 𝑚/𝑠 (Olympus, 2019) 
o 𝑣𝑚𝑢𝑙𝑙𝑖𝑡𝑒 = 3750 𝑚/𝑠 (Ohira, Murakami, Shinji, Ohara, & Ohtani, 2016) 
o 𝑣𝑌𝑆𝑍 ≅ 𝑣𝑧𝑖𝑟𝑐𝑜𝑛𝑖𝑎 = 7200 𝑚/𝑠 
▪ Assuming 8% Yttria component does not vary velocity substantially   
(Carreon, Ruiz, Zarate, & Barrera, 2004) 
o 𝑣634 𝑐𝑜𝑚𝑚𝑒𝑟𝑖𝑐𝑎𝑙 𝑝𝑎𝑖𝑛𝑡 ≅ 𝑣𝑧𝑖𝑟𝑐𝑜𝑛𝑖𝑎 −  𝑣70% 𝑧𝑖𝑟𝑐𝑜𝑛𝑖𝑎,   30% 𝑎𝑙𝑢𝑚𝑖𝑛𝑎 =  7200 −
8200 𝑚/𝑠 
▪ Assuming between 0-30% alumina content                                                                    
(Carreon, Ruiz, Zarate, & Barrera, 2004) 
 
These velocities give a maximum upper coating thickness resolution of: 
• 𝜆𝑠𝑖𝑙𝑖𝑐𝑜𝑛 = 481µm 
• 𝜆𝑚𝑢𝑙𝑙𝑖𝑡𝑒 = 188µm 
• 𝜆𝑌𝑆𝑍 = 360µm 
• 𝜆634 = 360 − 410µm 
 
We already have resolution issues as most coatings were measured with a caliper to be between 
100 and 300µm. In the case of mullite, there were no successful mullite only coats. Regardless, 
testing was attempted with the delay line wedge transducer. It was found the acoustic wave 
could not penetrate into the sample at all and results were very inconsistent. Attempts were 
made to measure potential outputs on the oscilloscope that may have been the coating. Even in 
these cases, a minimum value of 800 µm was found – far beyond any thickness. The primary 
reason for these failed measurements is likely due to the coating being thinner than the 
resolution of the transducer. Additionally, the porosity could have been causing dissipation of 
acoustic energy as the overall sample thickness could not even be determined. Four couplants 
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were utilised in an attempt to measure the thickness: air, WD40, molasses and water. No 
couplant provided any conclusive results but WD40 appeared to be the most effective. The 
setup has been displayed in Figure 42 and Figure 43: 
 
Figure 42: Ultrasonic testing experimental setup 
 
Figure 43: Pulsar receiver, oscilloscope and transducer (L to R)  
Due to a failure in measuring the thicknesses using the oscilloscope, a phased array system was 
attempted, once again with the highest frequency transducer (10 MHz). Different couplants 
were attempted once more with no effective results. The noise in the dead zone for the phased 
array’s transducer prevented any recordable results.  
 
Figure 44: Phased-array test setup 
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In the case of Silicon coated samples, water immersion ultrasonic testing was tested to eliminate 
the dead zone and provided some results (Figure 45). These results were not very repeatable 
but demonstrated some potential in using water immersion phased array systems to characterize 
coating topography. The figures suggest a Silicon coating thickness for sample 27 of about 250 
microns. Physical measurements gave an upper and lower thickness combined of about 400 
microns; thus, implying the phased array system could be suitable. 
 
Figure 45: Phased Array A-scan and B-scan for Silicon Coat (Sample 27) 
 
The other major issue is couplant damage of coatings. Air couplants are not feasible due to huge 
impedance difference but using any other couplant damages the coating by introducing a 
different chemical or directly removes the coating adherence. Thus, even if this system of 
thickness profiling were to work, most couplants would damage the integrity of the coat. Some 
coatings such as the YSZ and the 634-paint started flaking off. As discussed above, water 
immersion for post sintered Silicon coats remains a potential option but repeatability is 
necessary to avoid inconsistencies. 
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5. Results 
5.1 Uncoated Sample Mass Change during PIP Process 
Densification of the core substrate is an important part of this thesis. The lower the porosity 
present in the uncoated substrates, the higher the likelihood that they are capable of similar 
mechanical behaviour by reducing variation. Multiple pyrolysis and re-infiltration cycles help 
densify the substrate. The following two figures demonstrates how the PIP process leads to 
increases in mass after several pyrolysis and reinfiltration cycles (Figure 46 and Figure 47). 
 
Figure 46: Uncoated Sample Mass Change during PIP Process 
 
Figure 47: Uncoated Sample Percentage Mass Change during PIP Process 
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5.2 Uncoated Sample Density Change during PIP Process 
Likewise, sample thicknesses were measured after each pyrolysis cycle. It was found that 
thickness slightly increased from the green body stage to later pyrolysis cycles. Along with the 
mass increases, the following figures illustrate the uncoated sample density changes and 
percentage changes (Figure 48 and Figure 49). 
 
Figure 48: Uncoated Sample Density Change during PIP Process 
 
Figure 49: Uncoated Sample Percentage Mass Change during PIP Process 
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It can be seen for mass and density plots that sample 26 has been omitted. This was a result of 
delamination during an early pyrolysis cycle. Quite a few samples had some amount of 
delamination at the edges of the substrate (few millimetres), however the delamination did not 
continue through. Thus, it was deemed appropriate to continue utilising these for testing – 
provided three-point bend tests were not impeded by this ‘delamination zone’ at the supports. 
5.3 EDX Elemental Analysis 
An energy-dispersive X-ray spectroscopy analysis was conducted on the two commercial paints 
in order to determine the elemental constituents of the paints. In the case of this particular 
instrument, elements below F is not found – crucially this means oxygen is not illustrated in the 
plots. An attempt to reverse engineer the paint was made with the EDX analysis. The EDX only 
provides elemental analysis but reasonable judgements can be made regardless. 
5.3.1 634 EDX Results 
The supplier states that the 634 PyroPaint’s major constituent is zirconium dioxide (i.e. 
zirconia) which is similar to the YSZ being used. The paint has a solids w% of 65% which 
includes its other constituents. The EDX outputted significant concentrations of zirconium, 
silicon, potassium, aluminium and lower concentrations of hafnium and titanium. Remaining 
trace elements have been shown in Appendix A. Zirconium is present as expected, but the 
substantial presence of silicon and potassium is surprising. Following sections illustrate that 
634 is one of the most consistent and top coat performers in protecting the substrates from 
oxidation. It was expected that 634 contained zirconia and potentially alumina – Table 8 
justifies this expectation. The tan colour of 634 strongly suggests there has to be a notable 
amount of constituents apart from zirconia (white) and alumina (white). The presence of 
hafnium also make sense as HfO2 is an excellent refractory with a high melting point of 2900
oC 
(Yang, Chen, & Feng, 2014). Repeat tests are necessary to ensure validity of these 
concentration breakdowns. From there, using molecular weights and assumptions of oxides, we 
can reverse engineer the majority of this high performing paint. It is possible silicon forms the 
compound silica or just silicon stand alone.  
Table 8: 634 elemental concentration overview 
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Figure 50: 634 Commercial Paint EDX energy plots 
 
5.3.2 542 EDX Results 
Results in following sections illustrated that 542 was a very weak performer – however it might 
have to do with coat quality than the potential for the paint’s actual performance. The EDX 
results illustrate in Table 9 that the primary constituents of the 542 paint are aluminium and 
phosphorus. The supplier states that the paint has a solids w% of 41% and the rest is water. The 
results are in line with the expectation that is an Aluminium Phosphate paint (AlPO4). The other 
major element not displayed would definitively be oxygen. The trace quantity of silicon could 
either be residue in the spray gun from previous silicon coats or a smaller constituent in this 
paint. It is also possible that magnesium oxide is the other smaller trace element. 
Table 9: 542 elemental concentration overview 
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Figure 51: 542 Commercial Paint EDX energy plots 
 
The EDX elemental analysis provides a good idea of major elemental constituents in the paint. 
This helps us better understand the subsequent oxidative and mechanical properties. It is 
however clear that, the EDX anlysis combined with X-ray powder diffraction would provide 
more certainty around specifically which compounds are present. 
5.4 Oxidation Resistance Results 
As discussed previously, the oxidation resistance test was conducted at 1200oC for an hour for 
the majority of the samples (selection trials). However, six of the 27 samples were coated to be 
sent to Germany for specialised flexural testing. Specifically, the samples will undergo a heat 
up to 1500oC and a flexural test will be conducted at that elevated temperature. These results 
are published in a conference paper for The 22nd International Conference on Composites 
Materials (ICCM22) in Melbourne this August – meeting a key objective of this research work. 
Testing is currently still being undertaken; thus, performance of the remaining 21 samples is 
analysed: 
• Four samples were used for the screening trial at 1130oC and 1200oC for 20 and 50 
minutes respectively 
• Thirteen samples were used for the selection trial at 1200oC for 60 minutes 
• Four samples were used as the control no heat benchmark comparison 
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As a result of the significant difficulty in producing a mullite coated sample, no testing was 
manageable. A single multi-coat Si+Mullite+YSZ sample was chosen for the testing in 
Germany. Table 10 summarises the heat testing undergone for each sample. 
Table 10: Sample Coating and Oxidation Resistance Breakdown  
Trial 
Sample 
Type/Coat 
Quantity 
Sample 
Numbers 
Oxidative 
Environment 
Temperature (oC) 
Duration 
(minutes) 
Screening 
Trial 
YSZ 1 24 
1130oC and 1200oC  20 min, 50 min 
Si 1 27 
634 1 21 
Control – heat 1 18 
Selection 
Trial 
YSZ 2 16,19 
1200oC  60 min 
Si 2 3,15 
Si+YSZ 2 9,10 
634 2 13,22 
542 1 11 
542/634 1 17 
Control - heat 3 5,12,14 
Germany 
Trial 
YSZ 1 20 
1500oC  --- 
Si 1 1 
Si+Mullite+YSZ 1 26 
634 1 25 
634 thin sample 
(2 mm) 
1 23 
Control heat 1 2 
Both 
Control – no 
heat 
4 4,6,7,8 N/A N/A 
 
5.4.1 Oxidation Testing Mass Changes 
Following the oxidisation tests, it was found that the some samples had substantial mass losses 
while others had better mass retention – all samples results are compiled in Table 11.  
Table 11: Pre and post oxidization sample mass losses  
Trial 
Sample 
Type/Coat 
Sample 
Number 
Mass before 
oxidation 
test (g) 
Mass after 
oxidation 
test (g) 
Percentage 
Mass Loss 
(%) 
Average 
Percentage 
Mass Loss (%) 
Screening 
Trial 
YSZ 24 2.912 2.625 9.9 --- 
Si 27 2.652 2.572 3.0 --- 
634 21 3.699 3.438 7.1 --- 
Control – heat 18 3.427 2.632 23.2 --- 
Selection 
Trial 
 
YSZ #1 16 3.523 3.008 14.6 
16.3 
YSZ #2 19 3.415 2.801 18.0 
Si #1 3 3.274 3.078 6.0 
5.4 
Si #2 15 3.368 3.206 4.8 
Si+YSZ #1 10 3.451 3.163 8.3 
8.4 
Si+YSZ #2 9 3.467 3.174 8.5 
634 #1 22 3.730 3.506 6.0 
6.3 
634 #2 13 3.917 3.657 6.6 
542 11 3.521 3.102 11.9 --- 
542/634 17 3.905 3.776 3.3 --- 
Control 1 – heat 5 3.425 2.762 19.4 
20.5 Control 2 – heat 12 3.451 2.653 23.1 
Control 3 – heat 14 3.367 2.729 18.9 
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The uncoated control samples had a consistently large mass loss of approximately 20%. The 
YSZ coats were also a poor performer in mass retention with an average mass loss of 16%. 
Silicon based samples and 634 coats were exceptional performers of mass retention with 5-8% 
and 6-7% respectively. Surprisingly, the 542/634 system was the best performer with only a 
3.3% mass loss. However, with only a single sample tested, more tests are necessary to validate 
its effectiveness. 
 
It is important to note that the screening trial YSZ had undergone the same 1500oC sintering 
treatment as the Silicon coats. As a result, the 9.9% mass loss is a better representation of the 
fiber mass loss. Likewise, all non-silicon coats likely had some level of annealing. This is 
discussed further in the Discussion section of the Thesis. Interestingly, the harsh double cycling 
of heating and cooling to 1130oC and 1200oC did not appear to substantially differentiate the 
mass retention. As a result, it is possible the Si and 634 coat in particular might be good 
candidates in cyclical heat testing. 
5.4.2 Coat and substrate damage after oxidation 
The testing illustrated that the harsh heating and cooling rate led to crack formation of coats. In 
the case of the uncoated control samples, substantial defects were formed as well as signs of 
structural decay. Figure 52 and Figure 53 illustrate the changes before and after the screening 
trial. Substantial damage is apparent for the uncoated and YSZ samples. 
  
Figure 52: Screening trial pre-heat test. Uncoated, YSZ, 
634, Si (L to R) 
Figure 53: Screening trial post-heat test. Uncoated, 
YSZ, 634, Si (L to R). Sample defects apparent, YSZ 
coating cracking and flaking 
 
  
Figure 54: Uncoated substrate surface damage (screening trial example). Side view and top view (L to R) 
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The uncoated sample in particular had surface carbon fibers completely oxidized (visible in the 
abrasive looking Figure 54). The presence of grooves at these locations are clearly visible. The 
634 and Si coated samples appeared to retain colour and structure better – which is apparent in 
both the mass loss tables above and the next section.  
 
 
Figure 55: Screening trial post heating. 
Uncoated, YSZ, 634, Si (L to R). Red 
circle demonstrates defect and SiO2 
formation 
Figure 56: YSZ and 634 Post Heating (L to R). Red circles show 
cracking due to CTE mismatch and coat granulation 
 
The above two figures illustrate side and close up views of the coats. The 634 also had coat 
surface cracking but to a lesser extent than the YSZ (Figure 56). In the case of the YSZ coat, 
the coat itself was flaking off to the touch and the large CTE mismatch was particularly 
apparent. Thus, for the selection trial, in the case of YSZ, a much thinner coat was applied.  
 
Selection trials were conducted, and the 542 commercial paint and multi-coats were added to 
the tests. Difficulty in consistent coats and coat coverage for the 542 had a direct impact on low 
mass retention and presence of oxidation (pictured below)  
 
Figure 57: 542 substrate surface damage (screening trial example). Side view and top view (L to R) 
 
The angular striation marks on the top view is similar to that of the uncoated case. The side 
view also clearly shows a large amount of oxidation and exposure of fabric layers much like 
the uncoated case. This is commensurate with the mechanical results in the next section. 
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Figure 58: Evidence of ‘grooving’ for oxidized samples and lack of ‘grooving’ for oxidization 
resistant samples. YSZ, uncoated and Si+YSZ (pictured top to bottom) 
 
In the multi-coat Si+YSZ (pictured above at the bottom) case, there is strong evidence that 
oxidation resistant coats had less visible ‘grooves’ of fiber 2x2 twill weave pattern. It is clear 
that the YSZ sample is irregular post-heat testing just like the uncoated case pictured in the 
middle. This provides further credence to Si being an excellent bond or standalone coat at these 
temperatures and exposures. The precences of silicon also improves the YSZ coat adherence 
post heating. Despite a much lower 50 micron YSZ coat, the flaking was not prevented. 
However, it is apparent that the previous cracking issue from the screening trials was addressed 
with the thinner coat. The brown splotch was formed after heat-testing, further suggesting YSZ 
alone is a weak preventer of oxidisation.  
  
Figure 59: 542+634 coat with purple spots after oxidization testing. Coat quality 
appears more rough than 634 only coats 
 
Lastly, the 542+634 coat appeared much rougher than with 634 only (Figure 59). There was 
also prsence of purple splotches and spots at various locations. These spots are caused due to 
an interaction between the 542 and 634 constituents after oxidation – likely the formation of a 
new oxide or some reaction at elevated temperatures. 
 
All other repeat coats had similar behaviour to that discussed in this section. 
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5.5 Flexural Strength Results 
Flexural three-point bend tests were conducted on all samples and additionally the four control 
non-heated samples to ascertain sample strength retention. By benchmarking the control set, 
conclusions can be drawn between amount of fiber oxidation, mass loss and the resultant 
mechanical strength. Overall, silicon coated samples and 634 coats were the strongest 
performers with up to a 100% strength retention. In fact, for the selection trial set of data, the 
Si and Si+YSZ coated samples outperformed the unheated control benchmark. The reasons for 
this behaviour is discussed further on in the Thesis.  
 
A table has been compiled of the sample dimensions used for the flexural strength setup (Table 
12). Note that pre-coated thicknesses are used as coats are not considered to provided added 
mechanical strength. This may not potentially be the case for silicon coats, however maintaining 
this consistency provides more comparable results. Taking post-coated thickness to determine 
the span caused substantial changes in flexural modulus and failure behaviour (seen in 
upcoming strength plots).  
Table 12: Sample dimensions for flexural strength testing 
Trial 
Sample 
Type/Coat 
Sample 
Number 
Thickness 
(mm) 
Width 
(mm) 
Length 
(mm) 
Span (mm) 
Screening 
Trial 
YSZ 24 3.23 11.70 46.74 39.4 
Si 27 3.18 11.62 46.24 36.4 
634 21 3.21 11.65 54.10 35.2 
Control – heat 18 3.20 11.59 54.15 32.0 
Selection 
Trial 
 
YSZ #1 16 3.27 11.64 53.98 32.7 
YSZ #2 19 3.17 11.83 54.03 31.7 
Si #1 3 3.23 11.62 53.80 32.3 
Si #2 15 3.26 11.61 53.31 32.6 
Si+YSZ #1 10 3.21 11.60 54.12 32.1 
Si+YSZ #2 9 3.16 11.69 54.01 31.6 
634 #1 22 3.23 11.70 54.24 32.3 
634 #2 13 3.23 11.89 54.41 32.3 
542 11 3.26 11.56 53.80 32.6 
542/634 17 3.26 11.86 54.19 32.6 
Control 1 – heat 5 3.12 11.46 53.95 31.2 
Control 2 – heat 12 3.27 11.52 54.09 32.7 
Control 3 – heat 14 3.20 11.54 54.07 32.0 
Both 
Control 1                  
– no heat 
4 3.23 11.55 54.06 32.3 
Control 2                 
– no heat 
6 3.22 11.57 54.10 32.2 
Control 3                 
– no heat 
7 3.20 11.61 54.01 32.0 
Control 4                 
– no heat 
8 3.17 11.57 54.05 31.7 
 
As per the calculation theory outlined in section 4.2, plots were formed by propagating the raw 
data outputs. The weakest sample (uncoated – heat #18) withstood just 67N of load and failed 
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at a load extension of 0.21mm, while the strongest sample (Si #15) withstood 194N of load and 
failed at a load extension of 0.53mm. Processing this data with the relevant spans and 
dimensions provides the following six plots. 
 
Figure 60: Flexural strength of screening trial performance 
 
Figure 61: Flexural strength of selection trial – 634 performance 
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Figure 62: Flexural strength of selection trial – 542 performance 
 
Figure 63: Flexural strength of selection trial – YSZ performance 
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Figure 64: Flexural strength of selection trial – Si performance 
 
Figure 65: Flexural strength of selection trial – Si+YSZ performance 
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A summary table of flexural modulus and peak flexural strength has been provided to illustrate 
the various coat performances. Based on these mechanical results we can list the following 
coats in order of flexural max strength performance – from best to worst: 
1. Si+YSZ 
2. Si 
3. 634 
4. Control no heat 
5. 542/634 
6. Uncoated heated, YSZ, 542  
Table 13: Sample flexural mechanical properties comparison 
Trial 
Sample 
Type/Coat 
Sample 
Number 
Flexura
l 
Strengt
h (MPa) 
Flexural 
Strain at 
Max Stress 
(mm/mm) 
Flexural 
Modulus 
(GPa) 
Average 
Flexural 
Strength 
(MPa) 
Average 
Flexural 
Modulus 
(GPa) 
Screening 
Trial 
YSZ 24 39.8 0.00629 10.4 --- --- 
Si 27 50.0 0.00534 15.3 --- --- 
634 21 59.3 0.00571 12.7 --- --- 
Control – heat 18 27.1 0.00358 8.2 --- --- 
Selection 
Trial 
 
YSZ #1 16 39.4 0.00249 15.8 
36.3 13.75 
YSZ #2 19 33.2 0.00399 11.7 
Si #1 3 69.5 0.01057 7.2 
73.1 12.1 
Si #2 15 76.7 0.00458 16.9 
Si+YSZ #1 10 76.5 0.00831 9.0 
75.2 9.3 
Si+YSZ #2 9 73.8 0.00799 9.5 
634 #1 22 68.6 0.00506 13.6 
65.7 14.3 
634 #2 13 62.7 0.00420 14.9 
542 11 40.8 0.00260 15.5 --- --- 
542/634 17 52.2 0.00523 11.0 --- --- 
Control 1 – heat 5 39.9 0.00250 15.9 
35.8 14.4 Control 2 – heat 12 31.6 0.00334 12.0 
Control 3 – heat 14 36.0 0.00292 15.4 
Both 
Control 1 – no 
heat 
4 65.0 0.00324 
23.9 
59.5 20.4 
Control 2 – no 
heat 
6 54.8 0.00384 
16.2 
Control 3 – no 
heat 
7 54.6 0.00276 
21.2 
Control 4 – no 
heat 
8 63.6 0.00402 
20.1 
 
In terms of flexural modulus stiffness, the order of performers from stiffest to least stiff is: 
1. Control no heat 
2. Control heat, 634, YSZ, 542 
3. Si 
4. 542/634 
5. Si+YSZ 
 
The coating that best retained the initial mechanical properties of the control unheated 
substrates is 634 (both flexural strength and modulus). However, the in-house Si and Si+YSZ 
coats were stronger at the cost of reduced stiffness. 
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6. Discussion 
The following section outlines key points of discussion from the experimental results and 
findings made through the process of the Thesis work. It is important to note that the devising 
of the spraying methodology was in itself an achievement as it produced some impressive 
coating results. This section discusses coat quality, looks at the PIP process, the oxidation 
resistance results, the flexural strength of samples and considers an SEM analysis. 
6.1 Coat Quality 
Coat quality was vital in the creation of a coat capable of oxidation resistance and retaining of 
mechanical properties. One of the main parameters which determined a successful coat from 
an unsuccessful coat, was the wetness of the coating: 
• An overly wet coat that did not naturally dry in a few seconds was problematic as it 
meant the nozzle spray cone would create ‘splotch’ like coatings 
• Irregular coats would subsequently lead to greater coefficient of thermal expansion 
mismatch issues 
• There was a greater likelihood of incomplete coverage resulting in a higher likelihood 
of oxygen permeating through the EBC 
• Touching the coat when wet or trying to spray the opposite side becomes problematic. 
If touched, the entire coat is ruined and needs to be restarted due to irregularity issues. 
In the cases of some slurries, restarting was not an option 
• Wet coats mean that the air pressure ‘shifts’ the wet paint when spraying a different 
section 
1 
 
As a result, developing a suitable spraying procedure was crucial. The purpose of the slurry 
coating, as outlined in the objectives of this report, is to use an easy to spray method to provide 
improvements in mechanical performance during or after exposure to a harsh environment. For 
YSZ and Silicon, a reasonable method was constructed such that good quality coats could be 
made. The performance of the coats itself is the next problem. For instance, while YSZ’s 
mechanical performance barely improved upon the uncoated substrates, improvements in 
coating quality was still made.  
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6.1.1 YSZ Coating Analysis 
Two key findings helped improve the quality of the YSZ coat: 
1. Screening trials demonstrated extreme cracking due to CTE mismatch issues. Thus, a 
thinner coat will help alleviate these problems 
2. Sintering at 1500oC created small cracks in the coat prior to the oxidation resistance 
test. As the melting point of YSZ is far above this temperature, the relative gain is 
minimal for the cost of a reduced quality coat 
Despite these improvements, and reduction of flaking for the selection trials, YSZ was one of 
the worst performers. There is substantial evidence that YSZ is not suited for preventing oxygen 
permeating through it. This result is completely expected as demonstrated in the literature 
review – the YSZ coat is beneficial as a top coat as it can withstand higher surface temperatures. 
In this Thesis, due to furnace restrictions, this temperature capability could not be tested. The 
samples sent to Germany however may return some interesting results due to the 1500oC test 
temperature. 
6.1.2 542 Coating Analysis 
Much like the YSZ, the 542 coat coverage was problematic in providing ample protection to 
the substrate. There was evidence of partial protection, however 542 coats would probably 
benefit in repeat coats. The primary issue with 542 is its translucency. Even if it is an effective 
paint, if keeping track of the spray location is difficult, then coverage will always be a problem. 
The introduction of a colour dye could help alleviate this problem, as well as spraying at a 
greater distance away. 542 had a more inconsistent spray cone and solid deposition, which once 
more created coverage issues. 
6.1.3 634 Coating Analysis 
The 634 coats were very easy to coat and were repeatedly consistent provided the prescribed 
distance was kept when spraying. When sprayed too close, the higher deposited moisture 
content caused wet coats and the relevant issues. This commercial coat provided less variation 
in sample thicknesses post-coating and when touched, the coat did not rub off easily.  
 
An XRD analysis coupled with the EDX outputs will be beneficial in determining the precise 
constituents of the paint. Performance of the coating at higher temperatures is needed to 
determine whether its high oxidation resistance is maintained. 
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6.1.4 Mullite Coating Analysis 
Mullite was by far the most problematic powder to coat with. Some of the major difficulties 
have been outlines: 
• Its insolubility in water and practically most things is particularly troublesome as it 
makes finding a suitable solvent very difficult. The use of strong acids as a solvent is 
unsafe and impractical even if mullite is soluble in these acids 
• Mullite clogged the gun every minute of spraying. The gun required pressured water 
and air cleaning in every instance as a result 
• When mullite did spray, very few solids would exit the nozzle. Thus, spray time for a 
small substrate took over 2 hours – impractical for industry 
• With the lack of a mullite middle layer, a gradient coating was not possible with YSZ 
or Silicon 
A potential solution is to try mixing a portion of mullite with YSZ and attempt spraying that 
slurry. This was attempted but results were inconsistent and it was difficult to tell if much of 
the mullite was being deposited as all. From the literature review, mullite still remains an 
excellent candidate for EBCs; however, it is likely unsuitable for a slurry spray method.  
6.1.5 Silicon Coating Analysis 
The silicon coating had the highest sprayability from the sourced powders. Spraying was always 
consistent and extremely reliable. The dark muted grey provided enough of a contrast to 
determine coated and uncoated regions. With the use of acetone’s volatility, the deposition of 
the powder onto the substrate was thereby excellent. The only problem with the silicon coating 
was that prior to sintering, the dry powders brush off easily if touched. Thus, great care was 
necessary in spraying the substrate and when placing it on a cruicible. 
 
From the screening trial, the silicon coat was a bit more inconsistent as the spray distance was 
too close. For the selection trial, samples were sprayed at a greater distance and for a longer 
duration until a consistent layer was built up. However, the following figures illustrate that an 
excess silicon spray can damage the external lining of the substrate when melting and cause a 
warping effect – pictured by the red circle.  
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Figure 66: Silicon sample post sintering warping. 
Edge and corner damage apparent. 
Figure 67: Silicon samples post sintering powder formation. 
Sintering at 1500oC in inert atmosphere 
 
The white powder seen in Figure 67 could potentially be siliocon dioxide, however the furnace 
was run in an inert atomospher where this should not be possible. It was also noticed this white 
and green colour was primarily on the underside of the substrate with respect to it being laid on 
the crucible. A more likely explanation is that gasses got trapped beneath the samples and while 
the silicon powders melted, the surface was scalded. Suprisingly, a mass loss check only 
illustrated the expected mass drop from annealing at such a high temperature (about 5-10%). 
Furthermore, the mechancial tests clearly illustrated excellent mechanical properties. Thus, it 
can be reasononed the white colouring is not necessarily detrimental. Further analysis is 
necessary to ascertain the mechanism causing the pictured behaviour. 
6.2 PIP Process 
The PIP process was effective in densifying the substrate from 1.4 g/cm3 to about 1.6 g/cm3 
after five cycles at the low pyrolysis heat pattern. Figure 48 and Figure 49 illustrated an initial 
10% drop in density before subsequent positive rises up to 20% of the previous stage. Latter 
stages demonstrated decreasing returns in densification after each pyrolysis cycle – this is 
expected as the porosity content of the substrate is beginning to decrease at each stage.  
 
The mass over time demonstrated increases in the ceramic yield of the substrates (from 2.8g to 
3.5g). It is apparent that at each pyrolysis cycle there is a mass loss and at each re-infiltration 
cycle there is a mass gain. The precursor infiltrated at each stage is not entirely converted to the 
SiC matrix within the CMC when pyrolyzed. However, over time, the CMC begins to densify 
and retain more and more of its mass. The percentage change mass graph is seen to be roughly 
symmetrical about x axis. It quickly increases in magnitude and then the magnitude decays over 
each cycle as it gets progressively denser. Reinfiltration fills the CMC’s pores but there are 
progressively fewer pores to fill and it becomes harder to densify. The percentage mass plot 
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illustrates the diminishing returns after each PIP cycle. Using high temperature pyrolysis can 
allow for greater densities provided more cycles are conducted to overcome the step by step 
reduced ceramic yield. 
6.3 Oxidation Resistance Analysis 
The post-oxidation mass losses of the samples were tabulated in the results section. The average 
result of each coating type has been graphically presented in Figure 68.  
 
Figure 68: Post-oxidation sample mass loss (%). Ordered from lowest to highest mass loss. 
 
The coats have been ordered from highest mass retention capability to lowest mass retention 
capability. Immediately from this plot it is clear that all coatings were beneficial from a mass 
retention point of view – even the single YSZ coating which provided minimal protection. The 
silicon and 634 coats in particular were strong performers in minimizing mass losses over the 
harsh oxidative environment. It is important to note that at reduced exposure durations, YSZ 
and 542 may perform better. 
 
In the case of the uncoated samples, a significant 20% mass loss was recorded along with 
significant deterioration of the fibers and structural integrity of the CMC. The harshness of the 
environment was also apparent in the audible sharp cracks that were heard when samples were 
removed from the furnace to cool. As a result, the higher screening trial mass loss of the 
uncoated sample could be explained due to the two heating and cooling cycles applied. In the 
case of YSZ, there is a large increase in mass loss from 10% to 16% between the screening and 
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selection trial – which contradicts the uncoated sample’s performance. However, between the 
two trials, YSZ was sintered in the first and not sintered in the second. The lack of sintering 
allows for the potential of both fiber mass loss and mass loss through high temperature 
pyrolysis. As all samples were pyrolyzed at 1100oC, the 1200oC oxidative environment can 
cause a noticeable difference in mass loss (having not achieved that temperature in the PIP 
process. 
 
YSZ showed interesting characteristics of a coating failing to provide the required protection. 
Substantial cracking of the coat and greater CTE caused the coat to lose adherence to the 
substrate. Thus, greater oxygen permeability is possible. From this screening trial it was 
apparent that a thick coat would likely produce this same problem for materials with a big CTE 
mismatch. Additionally, YSZ was also sintered at 1500oC– which is not at all close to its 
melting point. The initial idea was to sinter all coats at 1500oC to partially improve bonding (as 
per the study discussed in the literature review). For the screening trial, the coat was a bit 
cracked and flaky after sintering. It was deemed that it required another top coat as a result. 
 
For the above reasons, it was decided that YSZ could potentially perform better if not sintered 
and if the coating thickness was reduced. As the oxidative atmosphere in this case is at 1200oC, 
sintering samples apart from Si coated samples would be putting samples under unnecessary 
thermal loading and increasing the risk of delamination or defects. It could also be argued that 
if samples are going to be annealed, all of them should be annealed at 1500oC during later stages 
of the pyrolysis cycle to allow the opportunity for further densification and thereby 
strengthening of samples.  
 
6.4 Flexural Strength Analysis 
6.4.1 Screening trial performance  
The initial screening trial demonstrated that all coated substrates were capable of improving the 
mechanical properties when compared to the uncoated substrate. All coats outperformed the 
uncoated substrate in terms of flexure strength. The YSZ coat however had a reduced flexural 
modulus. All samples exhibited sudden brittle fracture and a subsequent drop off in strength. 
The 634 coat and silicon coat both provided excellent strength retention and roughly double 
that of the uncoated samples. The collated data points from the trials have been plotted to 
demonstrate the performance gains in using these coatings. 
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Figure 69: Post-oxidation sample flexural strength 
 
Figure 70: Post-oxidation sample flexural modulus 
 
Quite a few samples in both trials exhibited a curved rise prior to the standard linear modulus 
that we expect for samples under mechanical loading. The likely explanation for this 
phenomenon is that most substrates were not flat but slightly off parallel. As a result, when 
loaded, samples would slowly twist into shape until the load was substantial enough that is 
partially ‘straightened out’. The post fracture behavior was similar for most samples. 
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6.4.2 Selection trial performance 
The selection trials provided even more interesting results. They illustrated that for strength 
retention, 634 and Silicon based coats were excellent. Some of the Si and Si+YSZ coats 
improved on the uncoated substrate performance almost three-fold. This really demonstrates 
the capability of coatings providing extra protection for the substrates. The 634 coats exhibited 
a very clear and linear rise before a sharp drop in strength when the substrate fractures in a 
brittle manner. Subsequent fractures are then apparent in the irregular stress strain plot 
immediately after primary fracture. After some duration, the plots smoothen out. Most plots 
exhibited similar behavior with varying degree of immediate strength drop off after primary 
fracture. 
 
The silicon coated substrates for instance had a more curved failure curve at the peak 
demonstrating tougher characteristics than other coats. However, while being tougher, they 
substrates were thereby less stiff. A few key statements can be made from the general analysis 
of the plots: 
• 634 commercial paint, Si and Si+YSZ were all extremely good performers 
• Si and Si+YSZ actually outperformed the samples that were not subject to any heating 
o Might be statistical variance but there is reasonable evidence that suggests it is 
probably an effect of the sintering temperature annealing and strengthening the 
substrate 
o At temperatures between 1250-1700oC, nano-crystalline beta-SiC is formed – as 
opposed to the amorphous (glassy) SiC at lower temperatures. The beta-phase 
SiC could provide higher strength. Especially in the case of low fiber loss, it is 
as though the substrate was simply annealed at a high temperature since the 
coatings are so effective is protecting the CMC 
• A plain silicon coat appears to be very effective at 1200 deg C 
• YSZ is fairly ineffective standalone without a silicon undercoat - likely very permeable 
to oxygen (which is what we expect). However, with a silicon undercoat, this dual coat 
system was the strongest performer 
• The implications of the strong silicon coat performance suggest that chemically reacting 
with layers is likely a better means of improving thermal and oxidation resistance 
• The change in phase could be making the substrate tougher but less stiff 
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6.5 Fracture surfaces 
As discussed above, the flexural test caused brittle fracture in all substrates. The failure plane 
is approximately parallel with direction of load from the loading roller. All substrates failed in 
a similar way, with a distinct, almost straight fracture line (Figure 71). This is in agreement 
with the 90-degree fiber direction of the substrate. It can be seen that the fracture plane is not 
perfectly straight. As the ceramic is reinforced with carbon fibers, the brittle failure in the plots 
demonstrated some resistance post failure at the composite’s peak strength. 
 
 
Figure 71: Failure plane of substrate brittle fracture. Uncoated heated sample and Si+YSZ sample 
pictured from top to bottom. 
 
 
 
Figure 72: YSZ sample broken at point of failure. Substantial fiber layer 
damage is apparent 
 
Figure 72 illustrates the degraded fibers inside the YSZ sample. There is evidence of the coating 
flaking off and bad adherence. This result is synonymous with the SEM images provided in the 
following section. 
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6.6 Scanning Electron Microscope (SEM) Analysis 
An SEM was utilised before and after oxidative resistance testing in order to find out the extent 
of carbon fiber oxidation, the coat quality and features such as microcracks and porosity. This 
analysis provides excellent insight into the microstructure of the substrates.  
6.6.1 SEM Pre-oxidation Testing 
SEM images of some screening trial substrates were taken prior to the oxidation testing. 
Specifically, samples 24 and 27 which were YSZ and Si coats respectively.  
 
Figure 73: SEM images of YSZ sample before oxidation (x370). Standard and back scattered images are provided (L,R) 
 
The SEM images above has the standard and back scattered electron (BSE) image – the right 
image reveals the white YSZ coating on the surface of the substrate with some level of 
penetration. It is clear that the coating does not have good surface coverage on the magnified 
level – despite the substrate appearing to be covered well. The surface structure is also relatively 
rough and coating thickness is inconsistent. This sample was taken from the screening testing, 
and it is not surprising that YSZ was the worst coated performer. There is evidence that the 
CMC is still fairly porous with large voids. 
  
Figure 74: BSE images of YSZ sample before oxidation (x2.1k and x350) (L, R) 
 
A higher magnification reveals a fairly porous looking coat. This substrate was sintered at 
1500oC prior to this SEM. Thus, as a result, there are large cracks from the surface through the 
SiC matrix and into the composite. These cracks would allow for oxygen to permeate quite 
easily and damage the underlying fibers. Thus, sintering the substrate with a YSZ coat is likely 
detrimental to the performance of substrate and coat at the much lower test temperature. 
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Likewise, images of the Si sample was taken. As the substrate is made up of Si and C as its 
constituents, distinguishing the thin silicon coat is very difficult. This is particularly the case as 
it has already been sintered and melted into the porous CMC. 
 
Figure 75: BSE images of Si sample before oxidation (x900 and x90) (L, R) 
 
Figure 75 illustrates another set of back-scattered images but of the Si coated sample. Unlike 
the YSZ sample, this substrate survived the thermal shock better and can be seen to lack the 
same level of large cracks. The dark grey circles are the carbon fibers and the light grey section 
around them is the SiC matrix. Once again voids are visible in black.  
 
The right image shows a distinct set of striations in a layer by layer fashion. These are the layers 
of cross weaved fibers – half perpendicular to the image and the other half parallel to the image. 
The fiber tows are visible in large rectangular like blacks surrounded by SiC. 
 
 
Figure 76: SEM image of YSZ fibers and surrounding matrix (x3.0k) 
 
The fibers are clearly visible here and surrounded by the SiC matrix. The matrix is forming 
about the fibers but there is a substantial gap left between them. Further pyrolysis cycles would 
help improve this ceramic yield and thereby the mechanical properties of the substrate. 
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6.6.2 SEM post-oxidation Testing 
Images of the fracture surface were taken after the oxidation and flexure test was undertaken. 
Results clearly demonstrate heavily oxidised fibers for the uncoated case – throughout the entire 
sample. This is in line with the severe loss of mechanical properties for the uncoated substrates. 
 
Figure 77: Uncoated sample post-heat treatment. Evidence of large fiber oxidation (x95 and x320) (L,R) 
 
For the uncoated substrate, there is almost complete loss of fiber volume fraction in the CMC 
after the oxidation testing. The oxidisation has penetrated many layers deep and heavily 
weakening the structure. Very large cracks are seen all the way perpendicular to the surface 
through every layer.  
 
  
Figure 78: SEM images of control no heat sample after flexure testing (x120 and x400) (L,R) 
 
Comparatively, the uncoated control sample with did not undergo the heat treatment 
demonstrates similar perpendicular cracks. However, the presence of fibers has helped keep the 
composite in a more rigid shape despite the brittle failure. The 634 and Si coat performed much 
better (pictured below). 
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Figure 79: SEM image of 634 coat post-heated and post 
failure (x350) 
Figure 80: SEM image of Si coat post-heated and post 
failure (x210) 
 
Despite the long duration of oxidative testing, practically no fibers are seen to be oxidised for 
the 634 coat (L). The Si coat has oxidised fibers on the surface, but fiber survival is seen further 
down. In both cases, it is clear that the coatings are providing protection. 
 
 
Figure 81: SEM image of Si coat post-heated and post failure (x40) 
 
Figure 81 shows excellent fiber survival for the Si coated sample beyond the initial surface (as 
seen by the substantial presence of the white fibers.  
 
The two most interesting SEM results came from the 542+634 and Si+YSZ combination coats. 
It was hypothesised that wet coats lead to irregular coat topography and incomplete or 
inconsistent coverage. The difficulty in forming a good 542 coat has been discussed before. 
The following images clearly illustrate how a wet coat is directly detrimental for the final coat 
quality. 
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Figure 82: SEM image of 542+634 coat post-heated and post failure (x170) 
 
There are clear issues with the coat visualised above. While it does provide some level of 
protection, it is apparent that fibers have been oxidised partially in between the gaps of the 
incomplete coat coverage. Highlighted in the red circle is the poor adhesion at certain areas of 
the substrate surface. There is also no clear separation between the two coats, it is likely that 
the 542’s Aluminium Phosphate constituents formed such irregular dendritic like structures that 
the overlaying 634 coat is not very visible as a result. At some regions, there does appear to be 
good adhesion for this coat structure – implying multiple coats of 542 would likely provide 
more complete coverage.  
  
Figure 83: SEM image of Si+YSZ coat post-heated and post failure (x190 and x65) 
 
Lastly, the strongest coating (Si+YSZ) in terms of strength retention was analysed. As before 
with the Si only coat, the first layer is heavily oxidised. However, the image of the right 
demonstrates that the fibers were well protected a few layers under. While the level of 
protection does not appear to be as high as the 634 by itself, it is likely the annealing process, 
along with a good level of protection, that has enabled this system to have the strongest flexure 
max stress.  
 
All results in the SEM are directly in line with the mass losses from oxidation as well as the 
mechanical test results.  
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7. Conclusion and Recommendations 
The two primary goals of this thesis were to devise a simple slurry method to spray 
environmental barrier coatings on C/SiC CMCs and to develop coatings capable of providing 
oxidisation resistance at high temperatures. From the mass loss results, flexural testing and 
SEM, it is clear that both these primary goals have been met. A critical review has been 
provided to summarise the key findings of this thesis. 
7.1 Critical Review 
The following sections provide a clear summary of outcomes. 
Coating Method Outcomes: 
A multitude of coatings and coat combinations were successfully coated despite the variety of 
coating manufacturing issues faced.  
• It was found that wet coats were the most detrimental coat feature when it came to coat 
quality. Wet coats have a long dry time and as a result are problematic as it slows down 
the coating procedure. A good quality coat needs to be consistent and regular – a wet 
coat causes an irregular surface coat and leads to incomplete coverage 
o Changing solvent of the slurry to acetone for compatible systems helped provide 
a spray that would deposit solid content onto the substrate while the solvent 
would quickly evaporate – easily avoiding the wetness issue 
o A larger spray cone with substantial overspray was the most optimal spray 
method to provide dry coats for water based solvent systems 
o Removing the suction feed cup intermittently to pressure air dry samples was a 
simple way to remove moisture content for the YSZ system 
• Despite Mullite being an excellent EBC coating choice, for the slurry method it is not 
ideal. Its insolubility in water causes substantial clogging issues and is thereby not an 
ideal slurry choice 
• Optimised pressure, spray distance and constituent selection is crucial for a sprayable 
slurry 
• Slurry spray techniques, while simpler, cannot easily provide a consistent thickness or 
a large degree of thickness control. It was also found that ultrasonic thickness testing 
was not the ideal thickness testing choice 
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Coating Performance Outcomes: 
The strength retention of some coats was substantial and provided exceptional strength 
improvements from the uncoated substrates – sometimes between 2 or 3 times the strength 
benefit.  
• The Si, Si+YSZ and 634 coat systems performed exceptionally well in protecting the 
fibers in the system 
• YSZ as a standalone coat was very ineffective in producing any resistance to oxidation. 
Thick YSZ coats had substantial cracking issues due to the large CTE mismatch 
problem. Thin YSZ coats did not provide sufficient coverage to protect the substrate. 
SEM images suggested that the YSZ coats were porous. Thus, YSZ was found to be 
highly permeable to oxygen 
• The 542-coat system was inconsistent due to the difficulty to see what points of the 
substrate was covered by a translucent paint. SEM images illustrated the problems of 
this wet code in its largely irregular coating structure and lack of good adherence 
• The presence of fibers helps maintain composite structure even after brittle failure 
through a flexural loading test 
• The Si coated samples potentially became stronger through the sintering process as a 
result of the precursor forming a beta-phase crystalline SiC 
o Si and Si+YSZ coated substrates were tougher but less stiff than other substrates 
• Slurry based EBCs can be used to substantially improve the mechanical properties of 
PIP formed CMCs that are subject to a high temperature oxidative environment 
 
This thesis was also particularly successful as the results will be published in The 22nd 
International Conference on Composites Materials (ICCM22) in the upcoming months and 
presented at this conference. Directly contributing to the research sector is one of the biggest 
accomplishments for a thesis. Furthermore, the research I have conducted has piqued the direct 
industry interest of local aerospace companies such as Australian Space Launch.  
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7.2 Recommendations 
Some key recommendations are listed below. 
7.2.1 Recommendations for extensions of research 
• The oxidative testing procedure was a single or dual cycle. There is potential to test for 
fatigue and creep resistance at these elevated temperatures. Other industries and 
components such as turbine blades (CMC turbine blades with coatings) can benefit from 
protective coatings to extend lifetime 
• The coatings were tested in an oxidative environment but there was no ablation 
resistance testing conducted. For re-entry vehicles or nozzle interiors for example, 
ablation resistance is crucial. If the coating strips off, like the YSZ coat, then the 
protection is simply lost 
• Only flat substrates were tested. The research could be extended to performance of more 
complex geometries such as curved pieces or nozzles 
7.2.2 General recommendations 
• A major problem that was not solved well was the spraying of mullite using the slurry 
technique. There is still some value in experimenting with different solvents and 
dispersants to find a suitable carrier for this slurry. It was demonstrated that a sample 
could be sprayed but the clogging issue made it very impractical to implement 
• More detailed reverse engineering of the high performing 634 commercial paint would 
provide better understanding of what constituents work in cohesion together and 
provide a single part high temperature resistance coating 
• The gradient multi-layered method was not tested but has value in reducing the thermal 
shock on coatings with large CTE differences 
• Roughness profiling can provide further understanding of techniques that improve coat 
quality 
• Filament winding of CMCs through the designed slurry could provide more complete 
protection 
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9. Appendices 
9.1 Appendix A: EDX Results 
9.1.1 634 Commercial Paint EDX 
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9.1.2 542 Commercial Paint EDX 
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9.1.3 Aluminium Reference EDX 
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9.2 Appendix B: Commerical Paint Invoice 
 
 
